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Asymmetric B Cell Division in the Germinal Center Reaction
Abstract
Antibody responses are one of the major defense mechanisms that mammals employ against microbial
infections. As such, these responses have been targeted by most vaccine regimens used to prevent
infections. However, in spite of the success of current vaccines, our understanding of how humoral
immune responses develop is incomplete. A better understanding of the immunology behind humoral
immunity will help in the future design of effective vaccine regimens. Much of the work done toward
understanding humoral immunity has focused on the germinal center (GC) reaction. GC reactions are
initiated after infections and vaccinations when B cells are activated through the B cell receptor (BCR) and
interact with the other members of the responding immune system, including helper T cells. GC B cells
proliferate while improving their BCR, and ultimately go on to differentiate into plasma cells that secrete
protective antibodies and memory B cells that can respond to re-infection in the future. The extrinsic
mechanisms by which GC B cells adopt these mutually exclusive fates have been extensively researched,
but we considered that GC B cells may exercise cell-intrinsic control over their differentiation. Specifically,
we hypothesized that GC B cells use asymmetric cell division to accomplish the multiple tasks set before
them. Using confocal microscopy we examined dividing GC B cells and observed that two drivers of GC B
cell differentiation, Bcl6 and the receptor for the cytokine IL-21 (IL-21R), are asymmetrically segregated
during mitosis and unequally inherited by the resulting daughter B cells. This process is dependent on the
evolutionarily conserved regulator of polarity, aPKC, and GC B cells are stimulated to divide
asymmetrically by contacts made with helper T cells. By examining humoral immune responses in mice in
which GC B cells do not divide asymmetrically, we have shown that asymmetric division is not required for
B cell differentiation, while cell-cell contacts are absolutely critical to their differentiation. These data
suggest that, in addition to signals from the environment of the GC reaction, diversity of GC B cell function
may be supported by cell-cell interactions in the GC reaction.
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ABSTRACT

ASYMMETRIC B CELL DIVISION IN THE GERMINAL CENTER REACTION
Burton Earle Barnett II
Dr. Steven L. Reiner, M.D.
Dr. E. John Wherry, Ph.D.

Antibody responses are one of the major defense mechanisms that mammals
employ against microbial infections. As such, these responses have been targeted by
most vaccine regimens used to prevent infections. However, in spite of the success of
current vaccines, our understanding of how humoral immune responses develop is
incomplete. A better understanding of the immunology behind humoral immunity will
help in the future design of effective vaccine regimens. Much of the work done toward
understanding humoral immunity has focused on the germinal center (GC) reaction. GC
reactions are initiated after infections and vaccinations when B cells are activated
through the B cell receptor (BCR) and interact with the other members of the responding
immune system, including helper T cells. GC B cells proliferate while improving their
BCR, and ultimately go on to differentiate into plasma cells that secrete protective
antibodies and memory B cells that can respond to re-infection in the future. The
extrinsic mechanisms by which GC B cells adopt these mutually exclusive fates have
been extensively researched, but we considered that GC B cells may exercise cellintrinsic control over their differentiation. Specifically, we hypothesized that GC B cells
use asymmetric cell division to accomplish the multiple tasks set before them. Using
confocal microscopy we examined dividing GC B cells and observed that two drivers of
GC B cell differentiation, Bcl6 and the receptor for the cytokine IL-21 (IL-21R), are
asymmetrically segregated during mitosis and unequally inherited by the resulting
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daughter B cells. This process is dependent on the evolutionarily conserved regulator of
polarity, aPKC, and GC B cells are stimulated to divide asymmetrically by contacts made
with helper T cells. By examining humoral immune responses in mice in which GC B
cells do not divide asymmetrically, we have shown that asymmetric division is not
required for B cell differentiation, while cell-cell contacts are absolutely critical to their
differentiation. These data suggest that, in addition to signals from the environment of
the GC reaction, diversity of GC B cell function may be supported by cell-cell interactions
in the GC reaction.

	
   v	
  
	
  

TABLE OF CONTENTS

ACKNOWLEDGMENTS.......................................................................................................III	
  
ABSTRACT .............................................................................................................................. IV	
  
LIST OF FIGURES .............................................................................................................. VIII	
  
CHAPTER 1: INTRODUCTION............................................................................................1	
  
1.1 Vaccination..................................................................................................................................... 1	
  
1.2 Humoral immunity .......................................................................................................................... 2	
  
1.2.1 Plasma cell differentiation .............................................................................................................2	
  
1.2.2 Memory B cell differentiation ........................................................................................................3	
  
1.3 Development of GC reactions ....................................................................................................... 4	
  
1.3.1 Germinal center B cells .................................................................................................................4	
  
1.3.2 Germinal center T cells .................................................................................................................8	
  
1.3.3 Follicular dendritic cells ...............................................................................................................11	
  
1.4 Asymmetric cell division .............................................................................................................. 12	
  
1.4.1 Pre-mitotic polarity in the immune system................................................................................13	
  

CHAPTER 2: ASYMMETRIC B CELL DIVISION IN THE GERMINAL CENTER
REACTION .............................................................................................................................. 22	
  
2.1 Introduction................................................................................................................................... 22	
  
2.1.1 T-dependent humoral immunity .................................................................................................22	
  
2.1.2 Cell-cell contacts within the germinal center may impart polarity signals............................23	
  
2.2 Methods........................................................................................................................................ 24	
  
2.2.1 Mice, immunizations, infections .................................................................................................24	
  
2.2.2 CFSE labeling, magnetic cell purification, and cell transfers.................................................25	
  
2.2.3 In vitro stimulation ........................................................................................................................25	
  
2.2.4 Flow cytometry and cell sorting..................................................................................................25	
  
2.2.5 Microscopy ....................................................................................................................................26	
  
2.2.6 Statistical analyses ......................................................................................................................27	
  
2.3 Results.......................................................................................................................................... 27	
  
2.3.1 Germinal center B cells undergo asymmetric cell division.....................................................27	
  
2.3.2 Polarity network proteins are required for asymmetric division of germinal center B cells31	
  

	
   vi	
  
	
  

2.3.3 Polarity is initiated before mitosis and is maintained through the end of telekenesis to
generate distinct daughter cells ...........................................................................................................33	
  
+
2.3.4 Asymmetric division of germinal center B cells is initiated by CD4 T cells ........................38	
  
2.4 Discussion .................................................................................................................................... 47	
  
2.4.1 Asymmetric B cell division in the germinal center reaction....................................................47	
  
2.4.2 Potential roles of asymmetric cell division in the germinal center reaction .........................48	
  

CHAPTER 3: THE EFFECT OF IMPAIRED ASYMMETRIC DIVISION ON
DEVELOPING HUMORAL IMMUNITY........................................................................... 50	
  
3.1 Introduction................................................................................................................................... 50	
  
3.1.1 Molecular control of B cell differentiation in the germinal center reaction ...........................50	
  
3.1.2 Cell adhesion may instruct germinal center reactions through multiple mechanisms .......52	
  
3.2 Methods........................................................................................................................................ 53	
  
3.2.1 Mice, bone marrow chimeras, and immunizations ..................................................................53	
  
3.2.2 ELISPOT and ELISA assays......................................................................................................53	
  
3.2.3 Flow cytometry .............................................................................................................................54	
  
3.2.4 Immunofluorescent tissue microscopy......................................................................................54	
  
3.2.5 Statistical Analyses ......................................................................................................................54	
  
3.3 Results.......................................................................................................................................... 54	
  
-/3.3.1 aPKC mice have normal germinal center responses and humoral immunity ...................54	
  
-/3.3.2 Icam1 mice have normal germinal center reactions but fail to form plasma cells............63	
  
3.4 Discussion .................................................................................................................................... 76	
  
3.4.1 Normal humoral immunity in polarity protein deficient mice ..................................................76	
  
3.4.2 ICAM-1 is critically important for humoral immunity................................................................77	
  

CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS...................................... 78	
  
4.1 Overview of findings .................................................................................................................... 78	
  
4.2 Possible roles for asymmetric cell division in the germinal center reaction.............................. 80	
  
4.3 Uncovering competitive defects and compensatory mechanisms in aPKC deficiency............ 82	
  
4.4 Identification of target genes involved in asymmetric division................................................... 83	
  
4.5 Targeting cell adhesion to manipulate humoral immunity ......................................................... 85	
  
4.6 Examining the role of asymmetric cell division in mammalian development............................ 86	
  
4.7 Summary ...................................................................................................................................... 86	
  

	
   vii	
  
	
  

LIST OF FIGURES
Figure 1.1

Schematic of germinal center reaction

Figure 1.2

Schematic of asymmetric cell division

Figure 2.1

Bcl6 and IL-21R are polarized in mitotic germinal center B cells

Figure 2.2

aPKC and Scribble are polarized in mitotic germinal center B cells

Figure 2.3

aPKC is required for germinal center B cells to divide asymmetrically

Figure 2.4

Germinal center B cells initiate polarity before mitosis

Figure 2.5

Germinal center B cells maintain polarity through the end of division

Figure 2.6

B cells undergoing homeostatic proliferation fail to divide asymmetrically

Figure 2.7

T cell help signals stimulate B cells to divide asymmetrically in vitro

Figure 2.8

Mitotic germinal center B cells are located within the dark zone

Figure 2.9

ICAM-1 is required for germinal center B cells to divide asymmetrically

Figure 3.1

Naïve lymphocytes develop normally in the absence of aPKCζ

Figure 3.2

Early antibody responses are normal in aPKCζ-/- mice

Figure 3.3

aPKCζ-/- mice have normal numbers of germinal center B cells

Figure 3.4

aPKCζ-/- mice have normal numbers of antibody secreting plasma cells

Figure 3.5

aPKCζ-/- mice have normal serum antibody responses

Figure 3.6

aPKCζ-/- mice have normal numbers of memory B cells

Figure 3.7

Icam1-/- mice have normal early antibody responses

Figure 3.8

Icam1-/- mice have normal numbers of germinal center B cells

Figure 3.9

Icam1-/- mice have reduced numbers of follicular helper T cells

Figure 3.10

Icam1-/- mice have reduced numbers of isotype switched plasma cells

Figure 3.11

Germinal center reactions are detectable by microscopy in Icam1-/- mice

Figure 3.12

Icam1-/- mice have normal numbers of memory B cells

Figure 3.13

Schematic of Icam1-/- mixed bone marrow chimeras

Figure 3.14

ICAM-1 is required on B cells for efficient plasma cell development	
  

	
  viii	
  
	
  

CHAPTER 1: INTRODUCTION
1.1 Vaccination
Human health has been substantially improved in recent history by the advent of
widespread vaccination regimens aimed at eradicating infectious diseases such as
smallpox, polio, and measles. Many of these vaccines have been extremely effective
either by limiting the spread of the infectious agents, thus minimizing their effect on
human populations, or by eradicating the microbe entirely. These vaccines were
developed largely by empirical means, based on the observation that mammals,
including humans, do not succumb to a given disease having once survived an infection.
Further investigation revealed that this ‘immunological memory’ of the disease could
even by imparted by less virulent forms of the pathogen. Possibly the most famous
example of this was the observation made by Edward Jenner in 1796, when he
observed that individuals infected by cowpox, a virus related to the devastating
smallpox, only became mildly ill, but were protected thereafter from smallpox
infection(Riedel, 2005; Amanna et al., 2006). This model of vaccine development has
resulted in multiple successes, but at least as many vaccines have failed, in large part
because the mechanisms behind successful vaccination are not understood, and are
therefore not exploited.
Over the past century, scientists have endeavored to understand the biological
mechanisms leading to the protective ‘immunological memory’ earned by surviving an
initial infection. As this research has progressed and technological advances have
made a detailed understanding of immunology possible, it has become clear that a major
contributor to immunological memory is the development of productive B cell responses
1	
  
	
  

that lead to protective antibodies, or humoral immunity. However, while many aspects of
humoral immunity have been described, vaccine development continues to be a largely
empirical process. Therefore, with a better understanding of the molecular and cellular
bases behind humoral immune responses, a switch to theoretically guided vaccine
development may aid in the eradication of pathogens that have resisted initial vaccine
regimens.

1.2 Humoral immunity
Humoral immune responses are defined by the transferability of protection by the
serum component of blood from one individual to another. This protection is largely due
to the protective capabilities of antigen-specific antibody responses. Antibodies are
soluble proteins that bind to microbial pathogens and exert a variety of effects aimed at
protecting the host animal from infection. Humoral immunity is conferred by B cell
responses, the effectors of which are antibody-secreting plasma cells and memory B
cells.
1.2.1 Plasma cell differentiation
Plasma cells are specialized in the production of large quantities of soluble
antibodies. There have been two major pathways described for the differentiation of
plasma cells during a humoral immune response. The first, known as the extra-follicular
plasma cell response, occurs early after an antigen inexperienced, or naïve, B cell
becomes activated(MacLennan et al., 2003). The ligation of the membrane bound form
of the antibody, or the B cell receptor (BCR), can lead to a variety of transcriptional and
cellular changes known collectively as plasma cell differentiation under specific
conditions(Todd et al., 2009; Fairfax et al., 2007; 2008; Klein et al., 2006; Kurosaki,
2010). Because this differentiation process involves a large number of transcriptional
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changes, it is not surprising that some of the most influential genes involved in plasma
cell differentiation are transcription factors, including Prdm1, Xbp1, and Irf4(Fairfax et al.,
2007; Crotty et al., 2010; Klein et al., 2006; Omori et al., 2006; Todd et al., 2009; Fairfax
et al., 2008). The extra-follicular response can be detected as early as 2-5 days after
the initiation of the immune response in mice responding to immunization, and
contributes an early, short-lived pool of plasma cells that secrete IgM antibodies of
relatively low affinity(MacLennan et al., 2003; Lee et al., 2011).
In addition to the extra-follicular response, plasma cells may be generated
through the germinal center (GC) reaction. Plasma cells derived from GC B cells have
been subjected to isotype switching and affinity maturation, and therefore secrete
antibodies of a variety of isotypes that exhibit a higher affinity for the activating
antigen(Fairfax et al., 2008; Meyer-Hermann et al., 2012; Shlomchik and Weisel, 2012a;
MacLennan, 1994; Rajewsky, 1996). In addition to secreting antibodies with enhanced
affinity and function, plasma cells derived from GC reactions are long-lived as compared
to their extra-follicular counterparts(O'Connor et al., 2004; MacLennan et al., 2003).
1.2.2 Memory B cell differentiation
Memory B cells are the second effector cell type of the humoral immune
response. While plasma cells provide the protective aspect of humoral immunity,
memory B cells, as their name implies, ensure that a given humoral response maintains
the characteristic of immune memory that is central to the utility of vaccination. Memory
B cells have the capacity for self-renewal, a process by which a population of cells is
maintained through cell division(Tarlinton, 2006). In addition, memory B cells maintain
proliferative potential, and are therefore capable of reinitiating humoral immune
responses in an abbreviated time-frame should the offending pathogen ever re-infect the
host(Nakaya et al., 2011; Berek et al., 1991). Reactivation of memory B cells leads to
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the production of plasma cells, as well as secondary GC reactions, and the products of
those reactions(MacLennan, 1994; Shlomchik and Weisel, 2012b; Berek et al., 1991;
Shlomchik and Weisel, 2012a; Good-Jacobson and Shlomchik, 2010).
Memory B cells, similarly to plasma cells, may be generated early after
immunization through GC-independent pathways, but may also be generated through
GC reactions. These GC-derived memory B cells have improved the affinity of their
BCR, and have switched to non-IgM isotypes(Shlomchik and Weisel, 2012a;
MacLennan, 1994). Therefore when GC-derived memory B cells are reactivated, high
affinity isotype switched plasma cells may be generated in a much shorter timeframe.

1.3 Development of GC reactions
Germinal center (GC) reactions are micro-anatomical structures formed within
secondary lymphoid organs and peripheral tissues in response to infections and
immunizations(MacLennan, 1994; Shlomchik and Weisel, 2012b). GCs are comprised
of antigen-specific activated B cells and T cells, as well as follicular dendritic cells
(FDCs) and tingible body macrophages(MacLennan, 1994; Shlomchik and Weisel,
2012b; Allen et al., 2007a) (Fig 1.1).
1.3.1 Germinal center B cells
GC B cells are the main cellular component of the GC reaction. The net result of
a successful GC reaction is the improvement of the affinity of the BCR through somatic
hypermutation and affinity maturation, and isotype switching to antibody isotypes that
more effectively combat the activating antigen(Berek et al., 1991; Avery et al., 2010;
Wang et al., 2012; Chan and Brink, 2012; Rajewsky, 1996). These drastic genomic
alterations to the BCR locus occur as GC B cells undergo rapid, extensive rounds of
proliferation(Allen et al., 2007b; Victora et al., 2010). The improvement of the affinity of
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the BCR through somatic hypermutation involves the random mutation of genomic DNA.
However, while some cells within the GC increase the affinity of the BCR, some lose the
ability to bind the antigen, or gain the ability to bind an irrelevant antigen(Di Zenzo et al.,
2012; Chan et al., 2012). Therefore, GC B cells undergo a selective process through
which cells with high affinity BCRs are selected, while other cells undergo apoptosis. As
a result of these processes, GC B cells are characterized by high rates of proliferation
and apoptosis.
The rapid proliferation and apoptosis experienced by GC B cells as a population,
which occur while the BCR is being altered and high affinity GC B cells are being
selected respectively, are confined to two distinct geographical locations within the GC
reaction. Actively proliferating GC B cells are located within the Dark Zone (DZ) of the
GC, while selection occurs in the Light Zone (LZ) of the GC where the other cellular
components of the GC reaction reside(Meyer-Hermann et al., 2012; Hauser et al., 2007;
Allen et al., 2007a; Victora et al., 2010; Allen et al., 2007b; MacLennan, 1994). In the
cyclic reentry model, GC B cells proliferate and undergo somatic hypermutation and
isotype switching in the DZ, and then move into the LZ to interact with the other cellular
components of the GC reaction, namely T cells and FDCs, to receive selective signals
based on the ability of the BCR to bind antigen and solicit help from T cells(MeyerHermann et al., 2012). After receiving selective signals that permit the GC B cell to
survive, it can return to the DZ to continue to proliferate and modify its BCR, and it can
leave the GC to differentiate into the plasma cells and memory B cells that complete the
humoral immune response.
In addition to the physical movements and cellular interactions that characterize
a GC B cell, there are several molecular regulators that are essential for driving a
productive GC reaction. The master regulatory transcription factor that is both
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necessary and sufficient for GC B cell differentiation is Bcl6(Okada et al., 2012; Basso
and Dalla-Favera, 2012; Kerfoot et al., 2011; Crotty et al., 2010). Bcl6 is a
transcriptional repressor that controls a wide array of transcriptional changes that allow
GC B cells to develop and undergo isotype switching and affinity maturation. In addition
to driving the program of GC B cell differentiation, Bcl6 represses plasma cell
differentiation by inhibiting expression of Prdm1, the gene that encodes a key
transcription factor in plama cell differentiation, Blimp1(Crotty et al., 2010). Because
Bcl6 promotes GC differentiation and inhibits the departure of GC B cells from the GC
and their subsequent differentiation into plasma cells and memory B cells, a key step in
the development of humoral immunity is downregulation of Bcl6 activity.
Extrinsic signals play a critical role in driving GC B cell differentiation through
direct cell-cell interactions and through soluble proteins such as cytokines. One key
cytokine that acts on activated B cells to drive GC B cell differentiation is interleukin 21
(IL-21)(Eto et al., 2011; Avery et al., 2010; Zeng et al., 2007; Linterman et al., 2010). IL21 is a common gamma chain cytokine that is secreted by certain subsets of CD4+
helper T cells, and binds to its receptor on a variety of cell types, including NK cells,
CD8+ T cells, CD4+ T cells, and B cells(Yi et al., 2009; Eto et al., 2011; Spolski and
Leonard, 2010; Yusuf et al., 2010; Zeng et al., 2007; Harker et al., 2011). The IL-21
receptor (IL-21R) is made up by the IL-21R and the common gamma chain, and signals
through JAK and STAT proteins, especially STAT3, to promote transcriptional changes,
growth, and differentiation(Zeng et al., 2007). While stimulation with IL-21 can promote
a variety of effects in B cells, depending on other concurrent signals, IL-21 combined
with T cell help and BCR signaling, such as is seen during the development of GC
reactions, promotes GC B cell differentiation(Eto et al., 2011; Spolski and Leonard,
2010; Linterman et al., 2010).
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The activity of Bcl6 and IL-21R represent two of many steps critical to the
formation of GC B cells. Several others include the stimulation of CD40 by CD4+ helper
T cells, PD1-PDL2 interactions between B cells and T cells, and signals from other
cytokines such as IL-4 and IFNγ(Good-Jacobson et al., 2012; 2010; Kawabe et al., 1994;
Reinhardt et al., 2009). While these signals vary in their importance, geographical
significance, and temporal relevance, one commonality they share is that many of them
are provided to activated B cells and GC B cells by CD4+ T cells found in the B cell
follicle and the GC.
1.3.2 Germinal center T cells
The primary function of the GC reaction is to improve the affinity and functionality
of the antibodies encoded by responding B cells, but B cells are insufficient to drive the
GC reaction. CD4+ helper T cells are essential drivers of GC reactions. CD4+ helper T
cells can perform a variety of functions, and are critical to immune responses against a
wide array of pathogens, and therefore can develop into one of several subsets after
activation. These subsets include TH1, TH2, TH17, TFH, and Treg cells, which control
intracellular pathogens, extracellular helminth infections, fungal and extracellular
bacterial infections, humoral immunity, and suppression of auto-reactive immune
responses, respectively(Zhu and Paul, 2008; Vinuesa et al., 2005; Weaver et al., 2006;
Hori et al., 2003). CD4+ helper T cells are aptly named, as their role in driving immune
responses is accomplished primarily by helping other effector cells. This is achieved
through the secretion of cytokines and through costimulatory molecules that are
activated during cell-cell contacts. These cytokines and costimulatory molecules are
typically pro-inflammatory, but some function to suppress immune responses in specific
circumstances.
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Each subset of CD4+ T cell is associated with a transcriptional profile that is
particularly effective at driving the appropriate type of immune response. These gene
expression profiles include cytokines, costimulatory molecules, receptors, signaling
molecules, and chemokines, and are driven by master regulatory transcription
factors(Johnston et al., 2009; Nurieva et al., 2009; Hori et al., 2003; Zhu and Paul, 2008;
Weaver et al., 2006; Dang et al., 2011; Shi et al., 2011). Follicular helper CD4+ T cells
(TFH) are specialized in driving humoral immune responses(Okada et al., 2012;
Linterman et al., 2012; Yu et al., 2009; Vinuesa et al., 2005; Reinhardt et al., 2009). The
development of TFH from naïve CD4+ T cells requires multiple sequential interactions
with antigen presenting cells as well as exposure to cytokines such as IL-6(GoodJacobson et al., 2012; McCausland et al., 2007; Eto et al., 2011; Harker et al., 2011;
Goenka et al., 2011; Kerfoot et al., 2011). One key step in TFH differentiation is the
expression of the transcription factor Bcl6. Bcl6 is both necessary and, in
overexpression studies, sufficient to drive TFH development(Johnston et al., 2009;
Nurieva et al., 2009; Yu et al., 2009). It is thought that antigen specific, or cognate,
interactions with dendritic cells, then activated B cells, along with the appropriate
cytokine signals allows full TFH development(Goenka et al., 2011). There are a variety of
costimulatory molecules involved in this process, including CD40-CD40L, PD1-PDL2,
and ICOS-ICOSL interactions(Kawabe et al., 1994; Batlle et al., 2009; Good-Jacobson
et al., 2010; Choi et al., 2011; Good-Jacobson et al., 2012). Upon activation, upregulation of the chemokine receptor CXCR5, a defining molecule expressed by TFH, and
down-regulation of CCR7, activated CD4+ T cells called ‘pre-TFH’ move toward the B cell
follicle where the ligand for CXCR5, CXCL13 is expressed(Hauser et al., 2007; Allen et
al., 2007a; MacLennan, 1994; Shlomchik and Weisel, 2012b; Victora et al., 2010; Klein
and Dalla-Favera, 2008; Yusuf et al., 2010; Qi, 2012; Kerfoot et al., 2011). This change
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in geographical location is critical to TFH development and the initiation of GC reactions,
as it is here that pre-TFH and pre-GC B cells undergo cognate interactions and engage in
two-way signaling that completes TFH differentiation and initiates GC formation.
Once the GC reaction has begun, a subset of TFH called GC TFH enter the light
zone of the GC, where they provide selective survival signals to GC B cells that have
undergone proliferation, somatic hypermutation, and isotype switching(Levine et al.,
2000; Meyer-Hermann et al., 2012; Rajewsky, 1996; Shlomchik and Weisel, 2012a;
Allen et al., 2007b; Chan and Brink, 2012). GC TFH express a variety of genes that drive
humoral immunity, including PD1, ICOS, CD40L, and IL-21(Qi, 2012; Yusuf et al., 2010).
In particular, IL-21 is thought to be an especially important B cell help cytokine as it
drives growth, proliferation, and isotype switching in activated B cells(Spolski and
Leonard, 2010; Eto et al., 2011; Zeng et al., 2007; Linterman et al., 2010). In addition to
IL-21, TFH responding to different stimuli can secrete a variety of cytokines that direct
isotype switching to antibody isotypes that more effectively combat the offending
pathogen. For example, IFNγ can induce isotype switching to neutralizing isotypes such
as IgG2a, while IL-4 can cause switching to the IgG1 and IgE isotypes commonly
associated with type 2 immunity(Reinhardt et al., 2009).
GC TFH are not only required for the initiation and maintenance of the GC
reaction, but the scarcity of their selective signals to GC B cells is the mechanism behind
affinity maturation(Meyer-Hermann et al., 2012; Victora et al., 2010). GC B cells
undergo somatic hypermutation while proliferating in the dark zone of the GC, which
introduces random mutations to the antigen recognition sequence of the BCR(Rajewsky,
1996; Chan and Brink, 2012). These random mutations can act to improve the affinity of
the BCR for its antigen, but somatic hypermutation can also destroy the affinity of the
BCR, or even introduce the ability to bind self-antigens, creating a potentially pathogenic
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B cell(Di Zenzo et al., 2012). Therefore, for somatic hypermutation to be translated into
affinity maturation, B cells that bind the antigen with high affinity are selected to
survive(Chan et al., 2012). GC TFH signal a selected B cell to survive through the
molecules described previously, during cognate interactions. However, in order to
present antigen on MHCII, a requisite step in undergoing cognate T-B interactions, GC B
cells must acquire antigen through the BCR(Suzuki et al., 2009). In this way the affinity
of the BCR is tested, ensuring that only useful GC B cells survive. Therefore, after
proliferating and mutating in the dark zone, GC B cells must acquire antigen, a step
made possible by the presentation of the antigen by the third member of the GC
reaction, follicular dendritic cells(Suzuki et al., 2009).
1.3.3 Follicular dendritic cells
Follicular dendritic cells (FDCs) are non-hematopoietic cells that are critically
important for the development of GC reactions(Koopman et al., 1991; 1994; Matsumoto
et al., 1997; MacLennan, 1994; Suzuki et al., 2009). These cells develop from
mesenchymal precursors, and rely on TNFα and lymphotoxin for their
development(Matsumoto et al., 1997). FDCs are an important stromal component of B
cell follicles. FDCs secrete large amounts of CXCL13, thereby helping to organize
lymphoid compartments by attracting cells that express CXCR5, such as B cells and
TFH(Wang et al., 2011). In addition to organizing B cell follicles, FDCs utilize
complement receptors and FC receptors to bind antigens coated by complement
proteins or antibodies(Suzuki et al., 2009). FDCs play an important role in GC reactions
by presenting these antigens on their surface for B cells to acquire through the BCR. By
competing for antigen on the surface of FDCs, B cells with high affinity BCRs can solicit
help from TFH, thereby completing the selection stage of affinity maturation.
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As an inevitable side-effect of selection, GC B cells that fail to compete for
antigen die of apoptosis due to neglect. These apoptotic bodies give rise to autoantigens that, in the proinflammatory environment of the GC reaction, can be potentially
pathogenic(Peperzak et al., 2012; Chan et al., 2012). Therefore, removal of those
apoptotic cells is of critical importance. FDCs play a role in the removal of apoptotic
cells by promoting the activity of the fourth member of the GC reaction, tingible body
macrophages(Peperzak et al., 2012).

1.4 Asymmetric cell division
Cell-intrinsic polarity is one of the most basic, evolutionarily conserved
mechanisms by which cells move, signal, function, and differentiate. Polarization is
required to form the physical perturbations in the cell membrane such as uropods and
leading edges that allow cells to migrate along extracellular matrix, a process that is
required for normal cellular function and tissue development(Ludford-Menting et al.,
2005; Masopust et al., 2010; Hauser et al., 2007). Apical-basal cell polarity imparts
directionality to barrier surfaces such as epidermal, respiratory, and intestinal epithelial
layers(St Johnston and Ahringer, 2010). In addition to physical polarization, molecular
components within cells are polarized to impart directionality to signaling
processes(Bertrand et al., 2010; Randall et al., 2009; Azar et al., 2010; Ludford-Menting
et al., 2005; Cemerski and Shaw, 2006; Yuseff et al., 2011; Martínez-Martín et al.,
2011). Physical polarity and polarity of cellular components can both occur during
mitosis, resulting in a phenomenon known as cell-intrinsic asymmetric cell division(Doe
and Bowerman, 2001; Betschinger and Knoblich, 2004; St Johnston and Ahringer, 2010)
(Fig 1.2). Asymmetric cell division is a conserved mechanism by which a dividing cell
can generate diversity between its progeny in a cell-intrinsic manner(Betschinger and
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Knoblich, 2004). Cell-intrinsic polarity in all its forms has been observed and
characterized in a variety of tissues and organisms, including the mammalian immune
system.
1.4.1 Pre-mitotic polarity in the immune system
Immune cells are mobile, round cells without any requisite asymmetry or polarity,
but in the course of most functions cell polarity is established. Cell-intrinsic polarity
independent of cell division plays a critical role in lymphocyte biology by regulating cell
migration, receptor localization, and signaling complex formation and
localization(Ludford-Menting et al., 2005; Cemerski and Shaw, 2006; Oliaro et al., 2010;
Williams et al., 2011; Chang et al., 2007; Barnett et al., 2012). Many observations of
polarity in the immune system have been made of CD4+ and CD8+ T cells interacting
with antigen presenting cells (APCs) and target cells(Cemerski and Shaw, 2006; Azar et
al., 2010; Bilder, 2003; Oliaro et al., 2010; Chang et al., 2007). It has been well
described that T cells polarize signaling complexes, the cytoskeleton, and even the cell
body toward the cell-cell contact made with APCs. This polarization brings positive
signaling molecules together, but also allows efficient silencing of signals by
phosphatases and other negative regulators(Cemerski and Shaw, 2006). Similar
observations have been made of CD8+ T cells interacting with infected target cells, as
ligation of the T cell receptor (TCR) on activated cytotoxic lymphocytes (CTLs) results in
cytotoxic granules being rapidly shuttled to the contact site(Thiery et al., 2011; Lin et al.,
2005). After activation, CD8+ and CD4+ T cells are responsible for secreting cytokines
that regulate immune responses, and this is often done in a directional, polarized
manner, where vesicles containing cytokines are transported to a particular point within
the T cell and secreted toward a target(Bertrand et al., 2010). Finally, T cells are
constantly on the move, searching for and interacting with cognate targets to perform
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their various functions. Therefore T cells are consistently being polarized so that
migration may occur properly.
In addition to the various processes that require T cell polarity, it has been
observed that the APCs responsible for T cell activation use cell polarity to properly
activate their cognate partners. In particular, B cells have been described to undergo
complex migratory patterns in the course of finding and interacting with their cognate
CD4+ T cell partners, to whom they serve as both APCs and targets of T cell help(Qi,
2012; Okada et al., 2005). Once these interactions are formed, T-B conjugates and the
signaling between them persists even while the pair continues to migrate(Allen et al.,
2007a; b). Together, these processes require fine regulation of polarity. Both before
and during the GC reaction, cell-cell conjugates, especially T-B conjugates, are a
constant feature, and it is therefore likely that cell polarity plays an important role in the
GC reaction.
It has been observed that a variety of important molecules are polarized during T
cell activation, prior to division(Ludford-Menting et al., 2005; Bertrand et al., 2010). It
was therefore hypothesized that this polarity may persist through cell division, thereby
imparting disparate complements of parental components to the resulting daughter cells,
a process called asymmetric cell division.
1.4.2 Asymmetric cell division in the immune system
Asymmetric cell division has been well studied in a variety of model organisms
and systems, but the initial report of asymmetric cell division during a primary immune
response came in 2007, when it was shown that CD8+ and CD4+ T cells, after initial
activation by dendritic cells, undergo asymmetric division, giving rise to two distinct
daughter cells with different differentiation potentials(Chang et al., 2007). These
daughter cells inherit different amounts of molecules such as the interferon-γ receptor
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(IFNγR) that influence differentiation into the effector and memory lineages. It was
postulated that asymmetric cell division may introduce a requisite diversity into
responding T cell populations that could then be molded and strengthened by extrinsic
signals such as cytokines and costimulatory molecules, ultimately giving rise to the
distinct T cell populations that characterize successful immune responses. Since that
initial report there have been a number of studies characterizing the intrinsic and
extrinsic mechanisms that regulate asymmetric T cell division, many of which have been
informed by the body of work done in model organisms(Chang et al., 2011; Ciocca et al.,
2012; Oliaro et al., 2010; Williams et al., 2011).
1.4.3 Molecular polarity regulators
Cell polarity is a highly conserved mechanism by which cellular, tissue, and
organismal development are regulated. As such, polarity is tightly regulated by a
conserved network of proteins called the polarity network(Ludford-Menting et al., 2005;
St Johnston and Ahringer, 2010; Florian and Geiger, 2010; Osmani et al., 2006; Kallay
et al., 2006; Murdoch et al., 2003; Bilder and Perrimon, 2000; Albertson and Doe, 2003;
Oliaro et al., 2010; Betschinger et al., 2003; Lin et al., 2009; Goulas et al., 2012; Martin
et al., 2002). These proteins utilize a wide array of mechanisms to polarize target
molecules, and thereby indirectly control the fate and function of cells.
Many of the early observations in cell polarity and asymmetric cell division were
made in studies of the embryonic development of the model organism Caenorhabditis
(C.) elegans, a primitive, transparent worm. Because of the size, transparency, and
short reproductive cycle of C. elegans, they are an ideal genetic model for studying a
variety of developmental biological processes. In addition to C. elegans, the most
common fly genetic model, Drosophila (D.) melanogaster, has also been instrumental in
uncovering many members of the polarity network and their mechanisms of action.
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The development of the C. elegans embryo after fertilization of the egg requires
polarization and stratification of germ cells before and during division to properly develop
the body of the worm(Andrews and Ahringer, 2007; Betschinger and Knoblich, 2004;
Sugioka and Sawa, 2010; Doe and Bowerman, 2001; St Johnston and Ahringer, 2010).
Traditional genetic approaches were used to identify the genes involved in establishing
these gradients and polarities, including one of the most famous set of polarity network
proteins, the Par complex(Doe and Bowerman, 2001). The Par complex consists of
multiple Par proteins as well as the kinase atypical PKC (aPKC). All of these proteins
are highly evolutionarily conserved, but there are duplications and slight changes that
have been observed in D. melanogaster and higher mammalian organisms. The Par
complex has been implicated in controlling biological processes as diverse as C.
elegans development, sensory organ precursor and neural cell development in D.
melanogaster, and stem cell self-renewal in epithelial tissues of D. melanogaster and
mice(Betschinger et al., 2003; Chang et al., 2011; St Johnston and Ahringer, 2010;
Goulas et al., 2012; Lechler and Fuchs, 2005; Andrews and Ahringer, 2007).
In addition to the Par complex, another key complex that has been described as
part of the polarity network is comprised of the scaffolding protein Scribble, Discs Large
(Dlg) and their binding partners, which often include Lethal giant larvae (Lgl)(Kallay et
al., 2006; Murdoch et al., 2003; Ludford-Menting et al., 2005; Albertson and Doe, 2003).
The Scribble/Dlg complex often performs its functions opposite the Par complex, where
it localizes fate determinants and signaling proteins, thus directing cellular function and
differentiation.
The Par complex and the Scribble/Dlg complex have been shown to control cell
polarity in the immune system in multiple cell types and contexts. Scribble has been
shown to play a role in regulating polarity during migration and asymmetric T cell
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division, although the mechanisms behind this requirement are not yet understood(Pike
et al., 2011; Ludford-Menting et al., 2005; Oliaro et al., 2010). The Par complex has also
been implicated in immune cell polarity. Loss of function and observational studies have
suggested a requirement for a key member of the Par complex, aPKC (PKCλ and PKCζ
in mice), in driving interphase polarity and asymmetric cell division of T cells and B
cells(Chang et al., 2011; Yuseff et al., 2011). This requirement is better understood,
both in its magnitude and mechanism, in T cell biology, where aPKC has been shown to
be required for asymmetric division, at least partially due to its role in polarizing the
proteasome, leading to unequal degradation of key fate determinants during
mitosis(Chang et al., 2011). These data all suggest that the evolutionarily conserved
polarity network of proteins likely controls cell polarity, including asymmetric cell division,
in the immune system.
1.4.4 Extrinsic induction of polarity
Studies of cell polarity in model organisms have shown that cell-intrinsic polarity
is initiated by an extrinsic signal. This can come in the form of cell-cell interactions or
interactions between cells and structural niches within tissues(Doe and Bowerman,
2001; Oliaro et al., 2010; Chang et al., 2007; Williams et al., 2011; Lechler and Fuchs,
2005; Betschinger et al., 2006). Prominent examples of cell-cell interactions that drive
cell polarity include interactions between T cells and dendritic cells, and the contact point
made by the sperm on an unfertilized egg(St Johnston and Ahringer, 2010). Stem cells
in a variety of contexts have been described to derive polarity signals from their
structural niche, including epidermal stem cells and intestinal epithelial stem cells(St
Johnston and Ahringer, 2010; Bilder and Perrimon, 2000; Quyn et al., 2010; Doe and
Bowerman, 2001).
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Cell-cell interactions play a critical role in developing proper immune responses.
Immune cells such as T cells and B cells are motile, and survey the body for their
cognate antigen, and therefore are not confined to a structural niche that may initiate
polarity. Instead, T and B cells interact with dendritic cells and with one another in a
cognate manner through TCR-MHCII binding(Qi, 2012; Scholer et al., 2008; Qi et al.,
2008; Goenka et al., 2011). These interactions are required for the development of
immune responses, and the mechanism behind this requirement has been described to
be signaling events that occur during cell-cell interactions that are required to drive
immune responses. These signaling events include CD40-CD40L, ICOS-ICOSL, and
other costimulatory molecules and cytokines(Batlle et al., 2009; Kawabe et al., 1994;
Choi et al., 2011; Good-Jacobson et al., 2010). It has recently been appreciated,
however, that cell-cell interactions initiate polarity that not only facilitates signaling, but
also allows asymmetric cell division(Barnett et al., 2012; Oliaro et al., 2010; Chang et al.,
2007). Understanding the cell-cell interactions and the molecules required for these
interactions to stimulate polarity will allow for a better understanding of the context within
which asymmetric division occurs, and the potential functional role of asymmetric
division within the immune system.
1.4.5 The functional importance of asymmetric division in the immune system
The functional importance of asymmetric cell division in model organism
development is well established. Asymmetric cell division is required for proper
embryonic development in C. elegans and D. melanogaster, and has been specifically
implicated in sensory organ and neural development in D. melanogaster(Doe and
Bowerman, 2001; Betschinger and Knoblich, 2004; St Johnston and Ahringer, 2010).
Disruption of the polarity network of proteins or the signals that initiate polarity disturbs
tissue and organism development in C. elegans, D. melanogaster, and in the
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mammalian epidermis(Coumailleau et al., 2009; Quyn et al., 2010; St Johnston and
Ahringer, 2010). Several polarity network proteins are classified as tumor suppressor
genes, as disrupting their activity can lead to tumorigenesis. These transformations are
due to the inappropriate inheritance of proliferative proteins by both daughter cells,
leading to unregulated proliferation characteristic of cancer cells(Betschinger et al.,
2006; Coumailleau et al., 2009; Betschinger et al., 2003). In the case of epidermal stem
cells, asymmetric cell division is required for normal differentiation of terminally
differentiated effector cells(Lechler and Fuchs, 2005; Williams et al., 2011). When
epidermal stem cells are unable to divide asymmetrically in developing mice, the
epidermis fails to properly form, as epidermal progeny inherit proteins normally excluded
from differentiating daughter cells. The importance of asymmetric cell division in the
immune system is not as well characterized, and a subject of controversy within the field.
The initial observation of asymmetric cell division in CD8+ and CD4+ T cells
during the initiation of primary immunity has led to a number of studies exploring the
molecules that are polarized during asymmetric cell division, the contexts during which
asymmetric cell division occurs, and the mechanisms that drive asymmetric cell
division.(Chang et al., 2011; Ciocca et al., 2012; Oliaro et al., 2010; Williams et al., 2011)
However, the data supporting an instructive role for asymmetric cell division in the
immune responses has been limited to in vitro studies and cell transfer studies
suggesting that asymmetric cell division allows CD8+ T cells to produce effector and
memory cells after activation(Chang et al., 2007; Oliaro et al., 2010). While the lack of
genetic data supporting a role for asymmetric cell division in the immune response has
been cited as an argument against its importance, data refuting the importance of
asymmetric division is largely abstract and may be interpreted either way(Beuneu et al.,
2010). Therefore, to better understand the importance of asymmetric cell division in the
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immune response, the contexts in which asymmetric cell division occurs must be better
understood, and genetic models allowing the selective disruption of asymmetric cell
division must be developed.
In this work, we have observed and characterized asymmetric cell division in B
cells during the GC reaction and have developed multiple genetic tools to interrogate the
importance of this phenomenon in the development of the humoral immune response.
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CHAPTER 2: ASYMMETRIC B CELL DIVISION IN THE GERMINAL CENTER
REACTION
	
  

2.1 Introduction
2.1.1 T-dependent humoral immunity
Humoral immune responses rely on a diverse array of cell types to arise from
activated B cell clones. These include short-lived antibody secreting plasma cells (PCs)
that provide immediate protection against the pathogen, germinal center (GC) B cells,
long-lived PCs, and memory B cells. Small numbers of activated B cell clones, with help
from follicular helper CD4+ T cells (TFH) and follicular dendritic cells (FDCs), form microanatomical structures within secondary lymphoid tissues called GC reactions(Allen et al.,
2007a; Victora et al., 2010; MacLennan, 1994; Shlomchik and Weisel, 2012a; MeyerHermann et al., 2012). GCs are required for the formation of long-lived PCs and
memory B cells that encode high affinity B cell receptors (BCRs) with specialized
functionality. The improvement to the affinity and function of the BCR and antibodies
encoded by the progeny of GC reactions is due to the processes of somatic
hypermutation and isotype switching, respectively(Peng et al., 2002; Reinhardt et al.,
2009; Shlomchik and Weisel, 2012a; Chan and Brink, 2012; Rajewsky, 1996). The GC
reaction is required for these processes to occur efficiently, and because high affinity
functional antibodies are central to effective humoral immunity, understanding GC
reactions is given a high priority in biomedical research(Moss, 2011; Amanna et al.,
2006).
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Many of the cellular and molecular requirements of GC reactions are well
defined, including the transcription factors and cytokines required to drive the
differentiation and function of both GC B and T cells. One of these transcription factors,
Bcl6, is considered to be the master regulator of the GC, and drives the differentiation of
both GC B cells and TFH(Johnston et al., 2009; Nurieva et al., 2009; Yu et al., 2009; Lee
and Maeda, 2012; Okada et al., 2012; Basso and Dalla-Favera, 2012). The cytokines
IL-21 and IL-4, among others, are produced by TFH and stimulate GC B cells to express
Bcl6, proliferate and undergo isotype switching, among other effects(Eto et al., 2011;
Spolski and Leonard, 2010; Zeng et al., 2007; Linterman et al., 2010; Dent et al., 1997;
Yusuf et al., 2010).
2.1.2 Cell-cell contacts within the germinal center may impart polarity signals
It has become clear in recent years, through the use of intravital live-cell imaging
techniques, that GCs are dynamic structures(Victora et al., 2010; Allen et al., 2007a; b).
Beyond the simple movement of cells within the GC, prolonged cell-cell interactions are
critical for humoral immunity to develop(Qi, 2012; Qi et al., 2008; Crotty et al., 2003;
McCausland et al., 2007). Given the clear requirement for cytokines and co-stimulatory
molecules in the GC, it has been suggested that prolonged cell-cell interactions function
to impart signals that initiate and drive the GC reaction. In addition to biochemical
stimulation, it has been appreciated in other systems, including C. elegans, D.
melanogaster, murine epithelia, and T lymphocytes, that prolonged external interactions
provide polarity cues(Oliaro et al., 2010; Ludford-Menting et al., 2005; St Johnston and
Ahringer, 2010; Song et al., 2010; Lechler and Fuchs, 2005; Chang et al., 2007). These
polarity cues function through conserved proteins that are collectively referred to as the
polarity network of proteins(St Johnston and Ahringer, 2010). The polarity network
includes the Par complex, consisting of atypical PKC (PKCζ and PKCλ in mice), Par3,
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and Par6, as well as the Scribble complex. By activating the polarity network, cells
effect the polarization of parental components, including fate-determining molecules
such as transcription factors and cytokine receptors. When this polarity persists through
mitosis, it is referred to as asymmetric cell division, and the result is two daughter cells
that are differentially fated due to the unequal inheritance of fate determining
molecules(Doe and Bowerman, 2001; Betschinger et al., 2006; Williams et al., 2011;
Chang et al., 2007; Oliaro et al., 2010). In light of these observations, we hypothesized
that, in addition to activating signals, prolonged cell-cell contacts in the GC may provide
GC B cells with a polarity cue, resulting in asymmetric cell division. The knowledge of
how fate determinants are segregated by mitotic GC B cells would help in understanding
how the resulting daughter cells respond to their environment and differentiate
accordingly.

2.2 Methods
2.2.1 Mice, immunizations, infections
Mice were housed in specific-pathogen free conditions prior to use at the
University of Pennsylvania in Philadelphia, PA. All experiments were performed in
accordance with protocols approved by the University of Pennsylvania Institutional
Animal Care and Use Committee (IACUC). Icam1-/-, Rag1-/-, CD19-cre+, and C57BL/6
wild-type mice were purchased from Jackson Laboratories. aPKCζ-/-, aPKCζ-flx, and
aPKCλ-flx mice were bred in house.
Mice were immunized via intraperitoneal (I.P.) injection with 50 µg (4-hydroxy-3nitrophenyl)acetyl coupled to ovalbumin at a substitution ratio of 15 (NP-Ova) (Biosearch
Technologies) in alum. LCMV Armstrong 53b (Arm) infections were done with 2x105
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PFU injected I.P. Influenza infections were done via I.P. injection of 5x106 PFU of the
X31 strain.
2.2.2 CFSE labeling, magnetic cell purification, and cell transfers
Splenocytes were labeled with 5 µM CFSE (Invitrogen) at 75-90x106 cells/ml.
Naïve follicular B cells were purified by incubating splenocytes (after CFSE labeling in
the case of the homeostatic proliferation studies) with biotinylated anti-CD23 followed by
strepavidin conjugated magnetic beads. Labeled cells were allowed to bind to magnetic
columns (Miltenyi), and then retrieved. Homeostatic proliferation studies were
performed by transferring 10x106 CFSE labeled CD23+ magnetically purified B cells
intravenously (I.V.) to Rag1-/- mice.
2.2.3 In vitro stimulation
	
  

Purified cells were cultured in 100 ng/ml BAFF (R&D Systems). 10 µg/ml F(ab’)2

anti-IgM (Jackson ImmunoResearch Laboratories), 1 µg/ml plate-bound anti-CD40 (BD
Pharmingen), and/or 10 µg/ml soluble anti-CD40 (BD Pharmingen) were used to
stimulate B cells. Stimulated cells were harvested at 36 hours post-stimulation.
2.2.4 Flow cytometry and cell sorting
Antibody staining for cell sorting and analysis was done in 2% FBS on 107
cells/ml. Antibodies were purchased from BD Pharmingen, Ebioscience, Biolegend, and
Invitrogen. NP-APC was produced by the Reiner and Cancro laboratories. Cells were
fixed with 4% paraformaldehyde and permeabilized in saponin for phospho serine 28
histone 3 staining. Data were sorted or acquired on a FACSAria IIu or LSR II,
respectively (BD Biosciences). Data were analyzed using FlowJo (Tree Star).
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2.2.5 Microscopy
Germinal center B cells were FACS purified from the spleens of immunized mice
at the indicated time points by gating on B220+IgDloFas+CD38lo lymphocytes. For
homeostatic proliferation studies, transferred cells were recovered by sorting from the
spleens of the recipient mice on day 4 after transfer. To acquire cytokinetic images,
sorted GC B cells were cultured in 10 µM cytochalasin B (Sigma) and 100 ng/ml BAFF
(R&D Systems) for 3 hours at 37oC. Sorted cells were plated on poly-L-lysine coated
coverslips in PBS, fixed with 3% paraformaldehyde, and permeabilized with 0.1% TritonX. Antibody staining for confocal microscopy was done in 0.25% fish skin gelatin
(Sigma) and 0.01% saponin (Sigma) blocking buffer overnight at 4oC or for 1 hour at
room temperature. Coverslips were mounted in Prolong Gold Anti-Fade Reagent with
DAPI (Invitrogen). anti-aPKC and anti-IL-21R were purchased from Abcam. anti-IRF4
was purchased from Sigma. anti-Bcl6-PE and anti-B220 were purchased from BD
Pharmingen. Rat and mouse anti-β-tubulin antibodies were purchased from Abcam and
Sigma, respectively. Secondary antibodies used for detection of unconjugated primary
antibodies were purchased from Invitrogen. Mitotic cells were identified at the
microscope in the tubulin channel based on the presence of two opposing MTOCs. Premitotic cells were identified by the presence of one MTOC. Cytokinetic cells were
identified by one MTOC per daughter cell and bridging tubulin between the cells.
Images were collected on a Perkin Elmer Ultraview ER6 spinning disk confocal system
equipped with a Zeiss Axiovert 200 microscope and a 63X 1.4 NA objective in z-stacks
of 0.3 µm. Images were collected using an Orca ER camera (Hamamatsu). 3D images
were rendered and analyzed using Volocity v.5 software (Perkin Elmer), and the sum of
fluorescence in each channel was calculated on either side of the plane of division. The
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ratio of fluorescence between the two halves of the cell was calculated. The mean+2SD
of the ratios of tubulin fluorescence was used as a cutoff to distinguish asymmetrically
versus symmetrically segregated molecules. The percentage of cells that had
segregated each molecule asymmetrically (% Polar) was compared between
experimental groups.
2.2.6 Statistical analyses
Comparisons of the frequencies of polarity between different groups were done
using the chi-squared test, due to the binary nature of the data sets (asymmetric vs
symmetric). Comparisons of mitotic cells in dark zone vs light zone GC B cells were
done using the paired student’s t-test to compare cells within the same mice.

2.3 Results
2.3.1 Germinal center B cells undergo asymmetric cell division
We tested the hypothesis that GC B cells polarize proteins after activation by
examining purified GC B cells by confocal microscopy. We immunized C57BL/6 wildtype (WT) mice with the model antigen (4-hydroxy-3-nitrophenyl)acetyl-Ovalbumin (NPOva) in the adjuvant alum. Intraperitoneal (I.P.) injection of NP-Ova/alum results in
potent GC reactions in the spleens of immunized mice characterized by an oligoclonal
expansion of B cells specific for the chemical hapten NP(Yefenof et al., 1986). GC
reactions may be identified by immunohistochemistry or immunofluorescence within B
cell follicles(MacLennan, 1994). GC B cells may be identified by flow cytometry as
activated B cells that have down-regulated CD38 and bind the antibody clone GL7
(B220+IgD-GL7+CD38lo)(Yusuf et al., 2010; MacLennan, 1994; Shlomchik and Weisel,
2012b). Using fluorescence activated cell sorting (FACS) we purified GC B cells
responding to NP-Ova/alum at day 8 post-immunization, a time point at which robust GC
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reactions may be observed in WT mice (Fig 2.1A). We fixed the purified cells to
coverslips and stained them for tubulin, DNA, Bcl6, and the IL-21R. Mitotic cells were
identified based on condensed DNA staining in the DAPI channel and the presence of
two opposing microtubule organizing centers (MTOCs). We then analyzed mitotic cells
for the localization of Bcl6 and the IL-21R. The sum of fluorescence of each molecule
was calculated on either side of the cell, as defined by the localization of the MTOCs.
The ratio of fluorescence for each molecule in each cell was then calculated and
compared to the average ratio exhibited by tubulin segregation. This allowed for an
unbiased scoring system that named cells as symmetric or asymmetric with respect to
any given molecule. We observe that Bcl6 and IL-21R are both asymmetrically
segregated in mitotic GC B cells at frequencies of 44% and 43%, respectively (Fig
2.1B,C).
The polarization of Bcl6 and the IL-21R suggest that GC B cells undergo
asymmetric cell division to generate daughter cells that inherit different amounts of fate
determining molecules, and therefore may go on to function and differentiate differently.
However, it may be that this event was not biologically significant, but rather represented
a mere oddity of mitosis occurring in an environment such as the GC where extensive
cell-cell contacts prevail(Allen et al., 2007a). To test if all molecules involved in GC
biology are asymmetrically segregated we stained purified GC B cells for the cell surface
receptor B220 and the transcription factor interferon regulatory factor 4 (IRF4). B220 is
an isoform of CD45R that is expressed on a wide range of B cell subsets(Huntington and
Tarlinton, 2004). IRF4 is a transcription factor that is widely expressed in activated
lymphocytes, and has been implicated as a driver of isotype switching and plasma cell
development(De Silva et al., 2012; Klein et al., 2006). These roles place IRF4 as an
important player in B cells both during and after GC reactions. We analyzed the
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localization of B220 and IRF4 in dividing GC B cells and found that neither molecule is
asymmetrically segregated in a significant frequency of GC B cells (Fig 2.1B,C).
GC reactions are dynamic structures that not only involve extensive cell
movements and interactions, but also change dramatically over time with respect to their
output and the processes that dominate the reaction(Berek et al., 1991). One major
aspect of GC reactions that changes with time is the type of progeny produced by GC B
cells. One hypothesis has been that GC reactions primarily produce PCs early after
their initiation followed by a move to generate memory B cells. This view has recently
been challenged by data from BrdU tracing studies that suggest memory B cells are the
primary product of early GC reactions, while plasma cells are favored at later
timepoints(Good-Jacobson and Shlomchik, 2010). What has not been disputed,
however, is that GC reactions are not constant at different timepoints after immunization.
Therefore, we asked whether asymmetric division of GC B cells is a feature at all
timepoints during GC reactions, or if it is restricted to certain stages. To answer this
question we FACS purified GC B cells at days 5, 8, and 15 post-immunization and
examined mitotic cells for the polarization of Bcl6 as compared to tubulin. We observed
similar frequencies of cells undergoing asymmetric cell division at each time point we
examined (Fig 2.1D).
NP-Ova/alum is a useful model antigen for uncovering biological phenomena and
their immunological consequences, but as a model antigen it holds little intrinsic clinical
relevance. Therefore, it is useful for findings made in the NP-Ova/alum system to be
translated to infectious systems that represent realistic threats to immune responses. To
this end, we examined GC B cells responding to two distinct viral pathogens, influenza
virus and lymphocytic choriomeningitis virus (LCMV). Influenza infection represents a
serious public health threat due to yearly changes in the virus that allow it to evade
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current vaccine strategies. LCMV is a natural mouse pathogen that is widely used in
research due to its translatability and manipulability. We performed similar experiments
with both viruses and found that anti-viral GC B cells divide asymmetrically at a similar
frequency to GC B cells responding to NP-Ova/alum (data not shown). We conclude
from these data that asymmetric cell division is a common feature of germinal center
reactions formed in response to a variety of stimuli.
2.3.2 Polarity network proteins are required for asymmetric division of germinal center B
cells
The importance of the polarity network of proteins in establishing cell polarity has
been well established in model organisms and mammalian systems(St Johnston and
Ahringer, 2010). We hypothesized that, consistent with the conserved role of the polarity
network, the polarity proteins are required for asymmetric B cell division in the germinal
center reaction. Based on this hypothesis we predicted that two key members of the
polarity network, atypical protein kinase C (aPKC) and Scribble, would be polarized in
mitotic GC B cells. To test this prediction, we purified GC B cells responding to NPOva/alum at day 8 post-immunization and stained for aPKC, Scribble, tubulin, and DNA.
We identified mitotic GC B cells as described, and analyzed them for the localization of
aPKC and Scribble. We find that aPKC and Scribble are asymmetrically segregated
during mitosis (Fig 2.2A) in significant frequencies as compared to tubulin (Fig 2.2B).
These results suggest that the polarity network may be required to establish the polarity
of Bcl6 and IL-21R during mitosis in GC B cells.
To directly test the hypothesis that the polarity network is required for asymmetric
division of GC B cells, we focused on the Par complex, specifically on aPKC, a key
member of the Par complex(Betschinger et al., 2003). There are two isoforms of aPKC
in mice, aPKCζ and aPKCλ(St Johnston and Ahringer, 2010). Mice with genetic
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deletions of aPKCζ and aPKCλ have been engineered, and while aPKCζ-/- mice are
viable with mostly normal immune development, aPKCλ-/- mice die during embryonic
development(Hartleben et al., 2013). To study aPKCλ-/- B cells we obtained mice
bearing LoxP flanked alleles of aPKCλ (aPKCλf/f), allowing the functional deletion of
aPKCλ in cells expressing Cre recombinase. By mating aPKCλf/f mice to mice with Cre
knocked into the CD19 locus (CD19-cre+) we accomplished the specific deletion of
aPKCλ in CD19+ B cells. Using aPKCζ-/- and aPKCλf/fCD19-cre+ experimental mice we
tested the prediction that the Par complex is required for asymmetric division of GC B
cells. We purified GC B cells from aPKCζ-/-, aPKCλf/fCD19-cre+, and WT mice, stained
them for Bcl6, IL-21R, tubulin, and DNA, and analyzed mitotic cells for molecular
localization. We found that aPKCζ and aPKCλ are both required for asymmetric
segregation of Bcl6 and IL-21R in mitotic GC B cells, as aPKCζ-/- and aPKCλf/fCD19-cre+
mice both exhibit significantly reduced frequencies of cells undergoing asymmetric cell
division as compared to cells from WT mice(Fig 2.3A,B and data not shown). These
results support the hypothesis that the polarity network of proteins is required for
asymmetric division of GC B cells. These data prompted us to ask when polarity is
initiated in GC B cells and if asymmetric segregation of Bcl6 and IL-21R during mitosis
results in the unequal inheritance of these molecules by the resulting daughter cells.
2.3.3 Polarity is initiated before mitosis and is maintained through the end of telekenesis
to generate distinct daughter cells
	
  

To better understand the context surrounding asymmetric division of GC B cells,

we examined GC B cells before entering mitosis. Pre-mitotic interphase GC B cells may
be identified by microscopy as having one MTOC and diffuse DNA staining. We stained
purified GC B cells for Bcl6, the IL-21R, aPKC, IRF4, B220, tubulin, and DNA. We find
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that, consistent with their polarization status in mitotic GC B cells, the IL-21R and aPKC
are polarized toward one side of pre-mitotic GC B cells (Fig 2.4, rows 2,5). In all cells
where polarization is observed, aPKC and IL-21R polarize toward the MTOC, consistent
with the idea that pre-mitotic cellular polarization is occurring toward the activating
stimulus, as the MTOC has been previously implicated in nucleating signaling factors at
the site of cell-cell interactions(Cemerski and Shaw, 2006) (Fig 2.4, rows 2,5). As
expected for active transcription factors, Bcl6 and IRF4 exhibit nuclear localization in
pre-mitotic GC B cells, and therefore do not exhibit any polarization (Fig 2.4, rows 1,3).
Consistent with the lack of polarization during mitosis, B220 is symmetrically distributed
around pre-mitotic GC B cells (Fig 2.4, row 4). Together, these results suggest that
polarization of Bcl6 and IL-21R by aPKC is not an intrinsic feature of mitosis, but rather
is initiated before mitosis during an activating event.
To formally test the prediction that the asymmetric segregation of Bcl6 and IL21R by polarized aPKC during mitosis results in the unequal inheritance of these
molecules by the resulting daughter cells, we examined dividing GC B cells at the final
stage of cell division, just before the cleavage event is completed and two adjoining
daughter cells may be observed. This stage of the cell cycle is remarkably short-lived,
and therefore adjoining daughter cells are too rare for a sufficient quantity to be imaged.
To circumvent this issue, we arrested purified GC B cells at the end of cell division as
adjoined daughter cells using a drug called cytochalasin B, which blocks the cleavage
event by the actin ring formed between the two daughter cells(Chang et al., 2011; 2007).
We then stained the drug treated cells for Bcl6, IL-21R, and aPKC. By costaining for
Bcl6 and aPKC and Bcl6 and IL-21R, we observed that one daughter cell inherits an
abundance of Bcl6, IL-21R, and aPKC as compared to the other daughter cell (Fig 2.5A)
in significant frequencies as compared to the segregation of DNA (Fig 2.5B).
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Together, these results suggest that asymmetric division of GC B cells is initiated
before mitosis, resulting in the activation of the polarity network to polarize Bcl6 and the
IL-21R, ultimately leading to the unequal inheritance of these factors by the resulting
daughter cells.	
  
2.3.4 Asymmetric division of germinal center B cells is initiated by CD4+ T cells
The GC reaction is characterized by extensive cell-cell contacts occurring
between GC B cells, TFH, and FDCs(Koopman et al., 1994). These contacts are
absolutely required for the GC reaction to proceed and function normally, and this is
normally attributed to the biochemical signals that are transmitted during these cell-cell
contacts(Victora et al., 2010). It may be, however, that cell-cell contacts also initiate
polarity in GC B cells, although for what purpose is unclear. We hypothesized that cellcell contacts within the GC, specifically between TFH and GC B cells, initiates the polarity
within GC B cells that leads to asymmetric cell division.
To begin to test this hypothesis, we first examined B cells undergoing
homeostatic proliferation in a lymphopenic environment. When naïve follicular B cells
are transferred into a lymphopenic environment, such as Rag1-/- mice that lack T and B
cells, the excess of pro-growth cytokines stimulate proliferation in the transferred
population that is referred to as homeostatic proliferation(Cabatingan et al., 2002).
Naïve B cells that are activated to undergo homeostatic proliferation are not activated in
a cognate manner as occurs during an immune response or in the GC reaction, but
rather are activated by exposure to soluble cytokines. Therefore, our hypothesis that
cell-cell contacts within the GC lead to asymmetric division prompts the prediction that B
cells undergoing homeostatic proliferation divide symmetrically. To test this prediction,
we magnetically purified naïve follicular B cells, labeled them with CFSE, and transferred
them to Rag1-/- mice via I.V. injection. We confirmed that the transferred B cells entered
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homeostatic proliferation by examining the spleens of the recipient mice at day 8 posttransfer for B cells that had diluted their CFSE dye (Fig 2.6A). We then FACS purified
the responding B cells at day 4 post-transfer and stained the purified population for
aPKC to detect polarization of mitotic cells. Consistent with our prediction, aPKC is
symmetrically distributed in B cells undergoing homeostatic proliferation (Fig 2.6B), as
the frequency of polarized aPKC is not significantly different from that of tubulin (Fig
2.6C). These results suggest that cell-cell contacts are required to initiate polarity in
activated B cells.
To better understand the cell-cell contacts that are responsible for initiating
polarity in B cells, we developed an in vitro system to study asymmetric B cell division.
In order to study whether B cells divide asymmetrically after receiving a given stimuli, we
identified the timing of the first mitotic events after stimulation by staining for
phosphorylated histone-3 (pH3), a specific marker of mitosis(Williams et al., 2011). We
observed that pH3+ B cells can be detected 32 hours after stimulation in vitro through the
BCR with anti-IgM, but that there is a significant peak in the number of mitoses by 36
hours post-stimulation (Fig 2.7A). To examine stimulated B cells by microscopy, we
purified live cells from in vitro cultures at 36 hours post-stimulation, and stained for B220,
aPKC, tubulin, and DNA as previously described. We find that B220 is symmetrically
segregated in all the stimulation conditions tested, consistent with our observations in
GC B cells (Fig 2.7B). When B cells are stimulated through the BCR with soluble antiIgM, or through Toll-like Receptor 9 (TLR9) with CpG, aPKC is not polarized with high
frequencies (Fig 2.7B,C and data not shown). When B cells are stimulated through the
BCR and CD40, with the addition of soluble anti-CD40 antibody that mimics T cell help,
the frequency of mitotic cells that polarize aPKC increases moderately(Kawabe et al.,
1994) (Fig 2.7B,C). However, when the anti-CD40 antibody is bound to the cell culture
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plate so that the signal through CD40 is localized to one side of the responding B cell, as
is the case when B and T cells interact, the frequency of mitotic cells that polarize aPKC
increases dramatically (Fig 2.7B,C). These results suggest that contacts between T
cells and B cells, such as occur between TFH and GC B cells in the GC reaction,
stimulate asymmetric cell division in responding B cells.
When thinking of the cell-cell interactions that may stimulate polarity in
responding GC B cells, it is important to keep the geographical context of the GC
reaction in mind. It has been known for some time that the GC consists of two zones,
the dark zone (DZ) and the light zone (LZ)(MacLennan, 1994). The DZ is mostly
comprised of dividing GC B cells that are simultaneously undergoing somatic
hypermutation and isotype switching(Allen et al., 2007a). The LZ, on the other hand, is
where GC B cells migrate after dividing in the DZ, to interact with FDCs and TFH and
receive selective signals based on antigenic affinity needed to survive(Hauser et al.,
2007; Victora et al., 2010; Allen et al., 2007a; b). There has been data published to
suggest that the majority of cell division within the GC occurs in the DZ(Victora et al.,
2010). It has recently been shown that DZ GC B cells can be identified by flow
cytometry as CXCR4hiCD86lo, while LZ GC B cells are CXCR4loCD86hi(Victora et al.,
2010). To better understand where in the GC mitotic GC B cells are located, we
examined DZ and LZ GC B cells by flow cytometry for pH3, a marker of mitotic cells.
We observe that, consistent with published data, the majority (>75%) of the pH3+ mitotic
cells have a phenotype consistent with cells found in the DZ of the GC (Fig 2.8). These
results suggest that, while GC B cells likely receive their polarizing signal while in the LZ
interacting with TFH, asymmetric cell division occurs in the DZ. This conclusion forces
the assumption that cell polarity is maintained from the time of the activating signal
through the migratory period to the DZ and into mitosis. This assumption is supported
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by our experiments showing that adjoining daughter cells maintain polarity, as the drug
treatment with cytochalasin B took place over several hours after FACS purification of
GC B cells (Fig 2.5).
To test our hypothesis that the activating cell-cell interaction in the GC that
initiates polarity is between a GC B cell and a TFH, we developed an in vivo system. We
initially pursued several avenues of investigation to disrupt molecular interactions critical
to T-B interactions such as CD40-CD40L and TCR-MHCII(Kawabe et al., 1994; Goenka
et al., 2011). These included antibody blockades of MHCII and CD40L. These
approaches were ultimately fruitless, as both molecular interactions are so central to the
GC reaction that antibody blockades resulted in the complete destruction of the GC
reaction, thus precluding the morphological analysis of mitotic GC B cells (data not
shown). To partially abrogate T-B interactions, and therefore allow the observation of
mitotic GC B cells, we turned to the molecule ICAM-1. ICAM-1 is an immunoglobulin
superfamily member that binds to the integrin LFA-1. ICAM-1 has been shown to play a
role in T-B interactions, both in vitro and in the GC reaction(Koopman et al., 1994; Dang
et al., 1990; Koopman et al., 1991; Scholer et al., 2008; Cannons et al., 2010).
Therefore, we hypothesized that, in the absence of ICAM-1, GC B cells may not divide
asymmetrically due to impaired interactions with TFH. To test this hypothesis, we
immunized Icam1-/- and WT mice with NP-Ova/alum, and analyzed responding GC B
cells at day 8 post-immunization for the localization of Bcl6, IL-21R, and aPKC in mitotic
cells. We find that Icam1-/- GC B cells do not asymmetrically segregate Bcl6, IL-21R, or
aPKC in a significant frequency of mitotic cells (Fig 2.9A,B).
These results, along with our in vitro data, suggest that GC B cells interact with
TFH during GC reactions to receive the biochemical signals required for survival and
further proliferation along with polarity signals that activate the polarity network to
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polarize Bcl6 and the IL-21R. The polarity of Bcl6 and the IL-21R is carried through
mitosis, ultimately resulting in the unequal inheritance of these critical fate determinants
by the resulting daughter cells.

2.4 Discussion
2.4.1 Asymmetric B cell division in the germinal center reaction
In this chapter, we present data to suggest that GC B cells undergo asymmetric
cell division during which members of the polarity network, including aPKC, drive the
polarization of the key drivers of GC B cell differentiation Bcl6 and IL-21R. As a result of
this polarization that persists through mitosis, Bcl6 and the IL-21R are unequally
inherited by the resulting daughter cells. aPKC is required to drive asymmetric B cell
division, and the activation of aPKC and the polarity network is dependent on
interactions between TFH and GC B cells that rely in part on ICAM-1-LFA-1 ligation.
Asymmetric B cell division represents another instance of asymmetric cell
division, an evolutionarily conserved generator of diversity(Betschinger and Knoblich,
2004). Asymmetric cell division has been implicated in generating diversity of fate and
function in a variety of organisms and tissues, including yeast, C. elegans, D.
melanogaster, mammalian epithelia, and more recently, mammalian immune cells(St
Johnston and Ahringer, 2010; Doe and Bowerman, 2001). Consistent with asymmetric
cell division in model organisms, asymmetric B cell division is driven by the evolutionarily
conserved polarity network of proteins that includes aPKC of the Par
complex(Betschinger et al., 2003). In addition, asymmetric B cell division is initiated by
cell-cell interactions in the GC reaction, likely between TFH and GC B cells(Qi, 2012).
This is a common feature of asymmetric cell division in all systems, and not an
unexpected result, as it has been previously reported that B cells receive polarizing
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signals before mitosis from helper T cells(Yuseff et al., 2011). A unique aspect of
asymmetrically dividing immune cells, both B and T cells, is that, while in other systems
cells are geographically restricted to a certain niche of neighboring cells or extracellular
matrix, immune cells are motile. As motile, round cells, immune cells have no intrinsic
polarity, and therefore must acquire their asymmetry from intentional interactions with
other cell types and temporary niches. This temporary acquisition of polarity represents
a previously under-appreciated role for cell-cell interactions in driving immune
responses, as cell-cell interactions have largely been viewed as a vehicle for the
transmission of biochemical signals.
2.4.2 Potential roles of asymmetric cell division in the germinal center reaction
Asymmetric B cell division represents an interesting biological phenomenon, but
these data only hint at what may be the role of asymmetric cell division in the humoral
immune response. In our initial studies we postulated that asymmetric B cell division
functions to impart different amounts of fate determinants such as Bcl6 and IL-21R to the
resulting daughter cells(Barnett et al., 2012). In this way, asymmetric division could bias
the daughter cells toward staying in the GC on one hand, and leaving the GC to
differentiate on the other. This fits with the idea that a cell with more Bcl6 and IL-21R
would be more prone to remain in the GC, while the relative lack of Bcl6 and IL-21R in
the other daughter would allow it to respond to signals driving it out of the GC reaction
and potentially differentiating into an antibody secreting plasma cell or memory B cell.
Other groups, however, have suggested that asymmetric B cell division functions
to impart different quantities of antigen so that one daughter cell outcompetes the other
for T cell help(Thaunat et al., 2012). This model of asymmetric cell division assumes
that GC B cells divide after receiving antigen from FDCs and before receiving help from
TFH, but this is inconsistent with data from other groups showing that not only is T cell
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help required to stimulate further rounds of division in selected GC B cells, but also that
the large majority of mitoses occur after T-B interactions take place(Victora et al., 2010).
The data do support the idea that antigen is asymmetrically segregated in dividing B
cells, but the role this may play in the GC reaction is as yet unclear.
Finally, a third group has provided in vitro data suggesting that neither
asymmetric B cell division nor any other type of instructive mechanism drive B cell
differentiation(Duffy et al., 2012). Rather, they conclude that pure stochasticity accounts
for the various fates that activated B cells adopt. There are several issues with these
conclusions. First, the outcomes measured in this study include death, isotype
switching, and plasma cell differentiation. These are certainly some of the fates
available to activated B cells, but do not include all possible fates. Second, the
experiments performed in this study utilize in vitro systems where millions of B cells are
stimulated uniformly, and with such numbers, it is reasonable that randomness will
generate all three fates measured. However, in a real immune response, such large
numbers of responding B cells are never available, and this may not represent reality.
Finally, while these data were presented as a rebuttal to the idea that asymmetric cell
division may drive B cell differentiation in the GC reaction, the cells studied were not GC
B cells, and therefore the comparison was perhaps not as apt as presented.
In spite of all these arguments, what is lacking in the field is solid functional data
to indicate whether or not asymmetric cell division plays a role in directing B cell
differentiation, and if so, what that role may be. These data may come from cell tracing
experiments or from genetic models. We have pursued the generation of genetic
models to understand the role of asymmetric division in B cell differentiation, and in the
following chapter we will present data from these genetic models that allow the
correlation of changes in B cell differentiation with the inability to divide asymmetrically.
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CHAPTER 3: THE EFFECT OF IMPAIRED ASYMMETRIC DIVISION ON
DEVELOPING HUMORAL IMMUNITY
3.1 Introduction
3.1.1 Molecular control of B cell differentiation in the germinal center reaction
GC reactions bring together GC B cells, TFH, and FDCs to facilitate the
improvement of the BCR through somatic hypermutation, isotype switching, and
selective processes(MacLennan, 1994; Shlomchik and Weisel, 2012a; Allen et al.,
2007a; Victora et al., 2010; Klein and Dalla-Favera, 2008; Shlomchik and Weisel, 2012b;
Rajewsky, 1996). Ultimately, GC B cells give rise to antibody secreting plasma cells and
memory B cells that secrete protective antibodies and respond to re-infection,
respectively(Fairfax et al., 2008; Tarlinton, 2006; Good-Jacobson and Shlomchik, 2010).
A variety of important molecules instruct selected GC B cells on the decision to leave the
GC and differentiate into plasma cells or memory B cells, or to be retained in the GC and
continue to proliferate and improve the BCR. The transcriptional repressor Bcl6 is
considered to be the master regulator of GC B cell differentiation and TFH differentiation,
and as such, is absolutely essential to GC reactions(Johnston et al., 2009; Nurieva et al.,
2009; Okada et al., 2012; Basso and Dalla-Favera, 2012; Yu et al., 2009). Several
transcriptional regulators function along with Bcl6 to optimize GC B cell function. The
cell cycle regulator c-Myc is transiently expressed in a subpopulation of GC B cells, but
is required for GC reactions(Calado et al., 2012; Dominguez-Sola et al., 2012).
Similarly, the transcription factor IRF4 has been implicated in regulating isotype
switching in GC B cells(De Silva et al., 2012; Klein et al., 2006). Therefore, GC B cells
are regulated by a network of transcription factors that, together, promote a signature
gene expression profile.
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To initiate and maintain the expression of transcription factors such as Bcl6, GC
B cells receive signals from TFH and FDCs through co-stimulatory molecules and
cytokines. TFH have been shown to stimulate GC B cells through molecules such as
PD1-PDL2, ICOS-ICOSL, CD80/CD86, and CD40-CD40L(Good-Jacobson et al., 2010;
Kawabe et al., 1994; Good-Jacobson et al., 2012; Choi et al., 2011). CD40-CD40L
interactions, in particular, are absolutely required for the development of GC reactions.
In addition to stimulation through cell surface receptors, TFH maintain and shape the GC
reaction through the secretion of cytokines such as IL-21, IFNγ, and IL-4(Reinhardt et al.,
2009; Eto et al., 2011; Linterman et al., 2010). IL-21 functions to drive proliferation,
isotype switching, and Bcl6 expression in GC B cells, while cytokines such as IFNγ and
IL-4 can be differentially expressed based on the offending pathogen to influence the
isotype of antibody that is produced. FDCs play an important role in the GC reaction by
secreting chemokines that draw GC B cells and TFH together, and by capturing and
presenting antigen to GC B cells(Koopman et al., 1991; Matsumoto et al., 1997; Wang et
al., 2011; Suzuki et al., 2009). By acquiring antigen from FDCs, GC B cells compete for
survival signals based on the affinity of the BCR for the antigen in question(Rajewsky,
1996).
GC B cells present a paradox, in that the master regulatory transcription factor
for their differentiation, Bcl6, not only drives the development of GC B cells, but also
actively suppresses their differentiation into plasma cells by directly repressing the
transcription factor Blimp1 (Prdm1)(Crotty et al., 2010). Indeed, many of the factors that
drive various aspects of GC B cell biology have also been shown to initiate and drive
plasma cells differentiation, including IRF4, IL-4, and even IL-21(Dent et al., 1997; Avery
et al., 2010; Klein et al., 2006). Therefore, the context in which these factors act is
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critically important to the outcome of their effects. Our data showing that proteins may
be asymmetrically inherited during cell division suggest a mechanism by which the
proper context for these transcriptional regulators may be established(Barnett et al.,
2012).
3.1.2 Cell adhesion may instruct germinal center reactions through multiple mechanisms
Cell-cell interactions are critical in the formation and maintenance of the GC
reaction, and cell adhesion molecules are critically important for cell-cell interactions to
occur properly(Scholer et al., 2008; Koopman et al., 1991; 1994; Qi et al., 2008). The Ig
superfamily members ICAM-1 and VCAM, along with their integrin ligands LFA-1 and
VLA-4, have been implicated in regulating cell-cell interactions in the GC
reaction(Koopman et al., 1994). These interactions are thought to be important, not only
for facilitating antigen uptake by GC B cells from FDCs and costimulation of GC B cells
by TFH, but potentially also for the establishment of polarity in the GC reaction. However,
what is often overlooked in the biology of ICAM-1 and VCAM is their potential for intrinsic
signaling, both back into the GC B cell, and toward the cellular partner through LFA-1
and VLA-4. Therefore, potentially through multiple mechanisms, ICAM-1 and VCAM
may play critically important roles in the GC reaction and the development of humoral
immunity.
While the concept that polarity signals work alongside transcriptional regulation
to instruct GC B cell differentiation is attractive, it has not been rigorously tested.
Therefore, we utilized genetic models known to disrupt cell polarity and asymmetric cell
division to test the requirement for these phenomena in the development of humoral
immunity.
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3.2 Methods
3.2.1 Mice, bone marrow chimeras, and immunizations
Mice were housed in specific-pathogen free conditions prior to use at the
University of Pennsylvania in Philadelphia, PA. All experiments were performed in
accordance with protocols approved by the University of Pennsylvania Institutional
Animal Care and Use Committee (IACUC). Icam1-/-, CD19-cre+, and C57BL/6 wild-type
mice were purchased from Jackson Laboratories. aPKCζ-/-, aPKCζ-flx, and aPKCλ-flx
mice were bred in house.
Mice were immunized via intraperitoneal (I.P.) injection with 50 µg (4-hydroxy-3nitrophenyl)acetyl coupled to ovalbumin at a substitution ratio of 15 (NP-Ova) (Biosearch
Technologies) in alum.
Mixed bone marrow chimeras were made by transferring T cell depleted bone
marrow I.V. to lethally irradiated CD45.1+ recipient mice (900 rads). Donor bone marrow
was 80% mMT and 20% WT or Icam1-/-. Recipient mice were fed neomycin in drinking
water for 2 weeks after bone marrow reconstitution and used for experiments between
10 and 12 weeks post-reconstitution.
3.2.2 ELISPOT and ELISA assays
For ELISPOTs, splenocytes or bone marrow cells from immunized mice were
incubated on plates coated with 10 µg/ml NP4-BSA (to detect high affinity ASCs) or
NP26-BSA (to detect all ASCs). Secreted antibody was detected with biotinylated antiIgG1 (Southern Biotech) followed by ExtrAvidin-Alkaline Phosphatase and NBT-BCIP
substrate (Sigma). Spots were counted on the CTL-ImmunoSpot (Cellular
Technologies).
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For ELISAs, serum was incubated on plates coated with 10 µg/ml NP4-BSA (to
detect high affinity antibodies) or NP26-BSA (to detect all ASCs). Secreted antibody
was detected with HRP conjugated anti-IgG1 or anti-IgM, followed by TMB substrate
(Sigma). Absorption was detected at 450nm.
3.2.3 Flow cytometry
	
  

Antibody staining for cell analysis was done in 2% FBS on 107 cells/ml.

Antibodies were purchased from BD Pharmingen, Ebioscience, Biolegend, and
Invitrogen. NP-APC was produced by the Reiner and Cancro laboratories. Intracellular
staining was done with the Foxp3 Fixation/Permeablization kit (Ebioscience). Data were
acquired on an LSR II (BD Biosciences). Data were analyzed using FlowJo (Tree Star).
3.2.4 Immunofluorescent tissue microscopy
Spleens in OCT (Tissue Tek) were flash frozen in 2-methyl-butane and liquid
nitrogen. 8 µm sections were fixed with acetone and stained with PNA and antibodies
against IgD and Thy1.2. Images were collected on a Zeiss LSM510META NLO laser
scanning confocal microscope and analyzed using Volocity (PerkinElmer).
3.2.5 Statistical Analyses
Unpaired student’s T tests were used to compare different groups of mice.	
  

3.3 Results
3.3.1 aPKC-/- mice have normal germinal center responses and humoral immunity
Based on our initial observations, we hypothesized that asymmetric segregation
of Bcl6 and the IL-21R during mitosis facilitated the generation of antibody secreting
plasma cells from GC B cells(Barnett et al., 2012). Based on this hypothesis, we
predicted that GC dependent plasma cell generation would be impaired in the absence
of asymmetric B cell division. To test this prediction, we generated mice with a B cell	
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specific deficiency in the polarity proteins aPKCζ and aPKCλ using mice with LoxP
flanked alleles crossed to mice bearing CD19-cre knockin alleles. As we had shown that
the aPKC proteins are required for asymmetric B cell division in the germinal center
reaction (Fig 2.3), we used aPKC deficient mice to test the hypothesis that asymmetric
division is required for plasma cell formation. The following experiments were done in
both aPKCζ and aPKCλ deficient mice with similar results.
We initially examined naïve aPKCζw/wCD19-cre+ (WT) and aPKCζf/fCD19-cre+
(cKO) for the development of mature naïve B cell subsets and mature naïve T cells. We
find splenic naive B cells, identified as IgD+IgM+CD19+ B cells, in normal numbers in WT
and cKO mice(Torres et al., 1996) (Fig 3.1A). While CD19-cre is a highly faithful cre
driver, due to its regulation by the endogenous regulatory elements of the CD19 locus,
we tested the development of non-B cells in WT and cKO mice(Depoil et al., 2008).
CD4+ and CD8+ T cells were present in normal numbers in the spleens of WT and cKO
mice, and displayed normal frequencies of CD44loCD25- naïve and CD25+ regulatory T
cells (Fig 3.1B). As the components of the adaptive and innate (data not shown)
immune systems appear intact in cKO mice, we tested the immune response to NPOva/alum.
We initially tested the early IgM+ antibody secreting plasma cell response in WT
and cKO mice to test if aPKC deficiency has an effect on GC independent extrafollicular
plasma cell differentiation. We immunized WT and cKO mice with NP-Ova/alum and
harvested the serum at day 5 post-immunization, a time-point where extrafollicular
plasma cell responses are evident, but GC dependent plasma cells have yet to form.
The magnitude of IgM+ NP-specific antibody responses in immunized mice was tested
by ELISA, and we observed similar levels of NP-specific IgM in the serum of cKO and
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WT mice (Fig 3.2). These results suggest that aPKCζ and cell polarity are not required
for normal extrafollicular plasma cell responses. We next assessed GC reactions in cKO
mice as compared to WT mice.
Based on our hypothesis that asymmetric B cell division aids in instructing
daughter GC B cells to either leave the GC reaction or remain, we predict that in the
absence of asymmetric B cell division the number of GC B cells or their progeny will be
altered. To test this prediction, we first examined the number of NP-specific GC B cells
at day 19 post-immunization. GC B cells in the NP-Ova/alum immunization system
primarily switch to the isotype IgG1. Therefore, we assayed the number of
B220+CD19+IgD-GL7+CD38loNP+IgG1+ GC B cells. We find that the number of total and
IgG1+ NP-specific GC B cells is not different between WT and cKO mice, suggesting that
aPKC is not required to accumulate normal numbers of GC B cells (Fig 3.3). However,
while GC B cells may form in normal numbers, we next asked if the resulting progeny,
plasma cells and memory B cells, could form normally.
Based on our hypothesis, we predicted that, if GC B cells could be maintained at
normal numbers in the absence of asymmetric B cell division, it would come at the
expense of downstream progeny such as plasma cells. Therefore, we examined WT
and cKO mice at day 19 post-immunization for isotype switched IgG1+ NP-specific
plasma cells. We found, after testing the bone marrow and splenocytes of immunized
mice by ELISPOT assay, that IgG1+ NP-specific plasma cells formed in normal numbers
in cKO mice as compared to WT controls (Fig 3.4). We also tested the bone marrow
(data not shown) in these mice due to the role of the bone marrow as a niche for longlived plama cells in particular(O'Connor et al., 2004). In addition to isotype switching, the
GC drives affinity maturation to improve the immune response and produce high affinity
BCR bearing B cells(Rajewsky, 1996). Therefore, we tested cKO and WT mice for the
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presence of high affinity IgG1+ NP-specific plasma cells using a low conjugation ratio of
NP in the ELISPOT assay. We find that high affinity plasma cells form in normal
numbers in cKO mice as compared to WT mice (Fig 3.4). These results suggest that
plasma cells form normally in the absence of aPKC, but do not rule out the possibility
that the kinetics of plasma cell formation were altered earlier in the immune response.
To test this possibility, we examined serum from WT and cKO mice at different
time points after immunization using antibody ELISAs to see the kinetics of the anti-NP
antibody response. In WT mice, the anti-NP IgG1 antibody response appeared by day 7
post-immunization, and rose over time through day 19 post-immunization (Fig 3.5). The
high affinity IgG1 anti-NP response followed about 7 days behind as the GC response
matured (Fig 3.5). We observed that cKO mice exhibited similar levels of both total and
high affinity anti-NP IgG1 in the serum along similar kinetics as WT mice (Fig 3.5).
These results suggest that GC B cells form normally and that they give rise to isotype
switched, affinity matured plasma cells in the absence of aPKC. Finally we tested the
ability of aPKC deficient GC B cells to give rise to memory B cells, the last member of
the B cell arm of humoral immunity.
Memory B cells have been shown to reside in the marginal zones of the spleen,
where they have access to blood borne antigens, and can therefore quickly respond to
re-infection by initiating secondary GC reactions and plasma cell differentiation(Tarlinton,
2006). Therefore, we examined splenocytes from immunized mice using flow cytometry
to test the ability of cKO mice to generate isotype switched memory B cells as compared
to WT mice. Memory B cells may be identified as B220+CD19+IgD-GL7-CD38hi cells.
After NP-Ova/alum immunization, memory B cells switch to the isotype IgG1 and bind
the NP antigen on their surface(Good-Jacobson and Shlomchik, 2010). Therefore we
stained splenocytes from immunized WT and cKO mice for B220+CD19+IgD-IgM	
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IgG1+NP+GL7-CD38hi cells, and found that these cells were generated in equal numbers
in WT and cKO mice (Fig 3.6).
Together, our data suggest that, in spite of the inability to divide asymmetrically
(Fig 2.3), aPKC deficient B cells give rise to normal GC responses and the plasma cells
and memory B cells that act as the effectors of humoral immunity (Fig 3.1-3.6). To
further test the hypothesis that cell-cell contacts initiate cell polarity as an instructive
mechanism in the immune system, we sought to compare the immune phenotype of
polarity protein deficient mice with mice deficient in cell adhesion.
3.3.2 Icam1-/- mice have normal germinal center reactions but fail to form plasma cells
GC B cells from Icam1-/- and aPKC-/- mice both fail to divide asymmetrically (Fig
2.3, 2.9), but ICAM-1 deficiency may have broader effects on developing immune
responses because of the multifaceted importance of cell adhesion and because our
genetic model is a germ-line knockout in which all cells lack ICAM-1. Therefore, the
Icam1-/- mice presented an opportunity to distinguish the effects of cell polarity and cell
adhesion on humoral immune responses.
Icam1-/- mice have been shown previously to have normal hematopoietic
development, and we have made similar observations with the mice in our
colony(Scholer et al., 2008) (data not shown). To test the effect of ICAM-1 deficiency
on humoral immunity, we immunized WT and Icam1-/- mice with NP-Ova/alum, and
monitored anti-NP B cell responses.
We initially tested the extrafollicular plasma cell responses to NP by measuring
splenic IgM secreting cells using an ELISPOT assay. At day 5 post-immunization WT
and Icam1-/- mice had similar numbers of NP-specific IgM secreting plasma cells in the
spleen (Fig 3.7). These results are consistent with those seen in aPKC deficient mice
(Fig 3.2), suggesting that neither cell adhesion nor cell polarity are required for early
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plasma cell development, but rather that soluble factors and antigenic stimulation may
be sufficient.
To test the hypothesis that T cell-B cell interactions are required for GC
reactions, we examined NP-specific GC B cells in the spleens of WT and Icam1-/- mice
by flow cytometry. At day 14 post-immunization we observed B220+CD19+IgD-IgMGL7+CD38loNP+IgG1+ cells in WT and Icam1-/- splenocytes (Fig 3.8A). The numbers of
NP-specific GC B cells in Icam1-/- were slightly lower than in WT mice, but not
significantly different, a pattern that was consistently observed between experiments
(Fig 3.8B). Therefore, while we could find no defect in the number of GC B cells in
Icam1-/-, we examined the other key member of the GC reaction, the follicular helper T
cell (TFH).
TFH are a subset of activated CD4+ helper T cells that is specialized in driving
humoral B cell responses, especially GC reactions. TFH have a gene expression profile
driven by the master regulator Bcl6 that includes molecules that drive migration to the B
cell follicle and interactions with B cells(Scholer et al., 2008). These include CXCR5,
which drives migration toward CXCL13, which is produced by stroma in the B cell
follicles, and PD1, ICOS, and CD40, which promote interactions with activated B
cells(Yusuf et al., 2010; Wang et al., 2011; Kerfoot et al., 2011; Kawabe et al., 1994;
Choi et al., 2011). Genetic knockouts and cell transfer experiments have shown that TFH
are required for GC reactions. It has been shown in a variety of studies that dendritic
cells (DCs) are the requisite first step in priming naïve CD4+ T cells to differentiate into
TFH(Goenka et al., 2011). Additionally it has been shown that ICAM-1 expression on
DCs is required for optimal DC-T cell interactions and T cell priming(Scholer et al., 2008;
Dang et al., 1990). Therefore we hypothesized that TFH differentiation may be impaired
in Icam1-/- mice. Indeed, when we examined WT and Icam1-/- mice at day 14 post	
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immunization for CD4+CD62LloCD44hiCXCR5+PD1hi TFH, we find that there is a
significant reduction in the total number of TFH in the spleens of Icam1-/- mice as
compared to WT mice (Fig 3.9). We proceeded to examine the requirement for ICAM-1
in the generation of GC derived plasma cells.
To test the hypothesis that ICAM-1 is required, through its role in mediating T
cell-B cell interactions, for plasma cell generation from GC B cells, we immunized WT
and Icam1-/- mice. We examined splenocytes and bone marrow at day 14 postimmunization for anti-NP IgG1+ plasma cells by ELISPOT analysis. While early
extrafollicular plasma cell responses were normal in Icam1-/- mice (Fig 3.7), we observed
significant reductions in the number of anti-NP IgG1 secreting plasma cells, as well as
IgG1 secreting cells with high affinity BCRs (Fig 3.10). Additionally, we observed a
significant reduction in the number of GC derived plasma cells in the bone marrow, a
niche for long-lived plasma cells (Fig 3.10). These data suggest that, while ICAM-1 is
not required to form GC B cells, it is required for the formation of plasma cells from GC
reactions. One explanation for the inability of GC B cells to give rise to plasma cells is
that, because of the role of ICAM-1 in mediating cell adhesion, Icam1-/- GC reactions
may lack the architecture to facilitate proper cell-cell interactions.
To test this possibility, we immunized WT and Icam1-/- mice, and examined
frozen spleen sections from these mice by immunofluorescent microscopy for GC
reactions. GC reactions may be identified in secondary lymphoid tissues as IgDloThy1.2PNA+ regions in B cell follicles. We observed GC reactions of normal appearance in
Icam1-/- spleens, located at the borders of IgD+ B cell follicles and Thy1.2+ T cell zones,
with Thy1.2+ TFH visible in the B cell follicle and even within GC reactions (Fig 3.11).
Therefore, it is unlikely that the inability for Icam1-/- GC reactions to form plasma cells is
due to faulty GC architecture.
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Finally, we tested the ability of Icam1-/- GC B cells to give rise to memory B cells by
examining the spleens of immunized WT and Icam1-/- mice at day 28 post-immunization.
The number of B220+CD19+IgD-IgM-GL7-CD38hiNP+IgG1+ cells was similar in Icam1-/and WT mice, suggesting that, while ICAM-1 is required to generate GC derived plasma
cells, it is not required for memory B cell differentiation (Fig 3.12).
Together, these results suggest that ICAM-1 is required for the generation of GC
derived plasma cells. This defect may be due to the inefficient generation of TFH, likely
due to the lack of ICAM-1 on DCs. Alternatively, it may be due to the lack of ICAM-1 on
B cells, which would suggest a role for TFH-GC B cell interactions in plasma cell
generation. To test these two possibilities we turned to a mixed bone marrow chimera
system to isolate the ICAM-1 deficiency.
To isolate ICAM-1 deficiency to B cells, we mixed bone marrow from B cell
deficient µMT mice and either WT or Icam1-/- mice in an 80:20 ratio. This mixture of
bone marrow was introduced to lethally irradiated WT mice (Fig 3.13A). In this way,
radio-resistant cells and 80% of non-B cells are ICAM-1 sufficient, while all B cells are
either ICAM-1 sufficient or ICAM-1 deficient (Fig 3.13B). Recipient mice were allowed to
reconstitute their immune system for 10-12 weeks before use.
To test the requirement for ICAM-1 on B cells in GC derived plasma cell
generation, we immunized experimental and control mixed bone marrow chimeras with
NP-Ova/alum and analyzed at day 14 post-immunization for anti-NP B cell responses.
We observed that anti-NP IgM responses were normal, consistent with what we
observed in whole-body Icam1-/- mice (Fig 3.14A). Consistent with what we observed in
Icam1-/- mice, there were similar numbers of NP-specific GC B cells between
experimental and control mixed bone marrow chimeras (Fig 3.14B). While we observed
a significant reduction in the number of splenic TFH in Icam1-/- mice, we do not observe a
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statistically significant difference in the number of splenic TFH when we isolate the ICAM1 deficiency to B cells (Fig 3.14C). However, we observe a significant reduction in the
number of GC derived plasma cells in the spleens and bone marrow of mixed chimeras
with Icam1-/- B cells (Fig 3.14D). These results suggest that ICAM-1 is required on DCs
for efficient TFH generation, and on B cells for proper plasma cell formation through the
GC reaction.

3.4 Discussion
3.4.1 Normal humoral immunity in polarity protein deficient mice
In this chapter we present data to suggest that cell-cell interactions, but not cell
polarity, are required for GC B cells to give rise to high affinity, isotype switched plasma
cells. aPKC deficient B cells are unable to divide asymmetrically during the GC reaction.
Therefore we tested the hypothesis that asymmetric division is required for proper GC B
cell function and differentiation by examining anti-NP B cell responses in aPKC deficient
mice. We find that extrafollicular plasma cell and GC reactions proceed normally as
compared to WT mice, and that GC B cells give rise to normal numbers of plasma cells
and memory B cells. By contrast, while Icam1-/- GC B cells are also unable to divide
asymmetrically, GC derived plasma cells in Icam1-/- are significantly reduced in number.
Together, these data suggest that ICAM-1, through a mechanism distinct from
asymmetric cell division, is required for plasma cell differentiation from GC B cells.
These data also suggest that, while GC B cells divide asymmetrically, this phenomena is
not required for the generation of T cell dependent humoral immunity. These data are
consistent with a recently published report that concludes that Scribble deficient mice
undergo normal humoral immune responses, in spite of a requirement for Scribble in B
cell polarity(Hawkins et al., 2013). These studies together support the conclusion that
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the immune system has robust redundancies that prevent the collapse of immune cell
differentiation in the absence of optimal cell polarity. Future studies may focus on the
ability of polarity proteins to compensate for one another and on the capacity of aPKC
and Scribble deficient B cells to compete with WT cells during immune responses.
3.4.2 ICAM-1 is critically important for humoral immunity
Our results suggest that ICAM-1 is required for the development of antibody
secreting plasma cells during humoral immune responses, but that this requirement is
not due to the inability of Icam1-/- B cells to divide asymmetrically. This is not likely due
to incomplete T cell differentiation, as restriction of ICAM-1 deficiency to B cells through
mixed bone marrow chimeras alleviated the TFH defect but retained the plasma cell
differentiation defect. Together, these data support the conclusion that ICAM-1
mediated cell-cell interactions between T cells and B cells in the GC reaction are
required for plasma cell differentiation. However, these results do not distinguish the
mechanism by which ICAM-1 mediates plasma cell differentiation. Indeed, given that
GC reactions form in Icam1-/- mice, it is unlikely that cell-cell interactions are completely
impaired, but rather that a subset of signals and/or interactions are missing between T
cells and B cells. It may be that ICAM-1 is required to provide an opportunity for a
certain set of signaling molecules to interact between T cells and B cells, thus driving
plasma cell differentiation. Alternatively, it may be that intrinsic ICAM-1 signaling is
required to drive plasma cell generation. Further studies will be required to distinguish
these possibilities, and better understand the role of cell polarity, cell adhesion, and
biochemical signaling in the development of humoral immune responses.	
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CHAPTER 4: DISCUSSION AND FUTURE DIRECTIONS
4.1 Overview of findings
T cell dependent humoral immune responses proceed through the germinal
center (GC) reaction, wherein GC B cells proliferate and undergo isotype switching and
somatic hypermutation in the dark zone (DZ)(Victora et al., 2010; MacLennan, 1994;
Shlomchik and Weisel, 2012b). To ensure affinity maturation on the population level,
GC B cells are selected for their ability to bind antigen with a high affinity by interacting
with follicular dendritic cells (FDCs) and follicular helper T cells (TFH) in the light zone
(LZ)(Victora et al., 2010; Allen et al., 2007a; Meyer-Hermann et al., 2012; Rajewsky,
1996). These sequential cell-cell interactions provide biochemical survival signals to
selected GC B cells that may then reenter the DZ and continue to proliferate, or leave
the GC and differentiate into antibody secreting plasma cells (PCs) or memory B cells.
We hypothesized that GC B cells use asymmetric cell division, an evolutionarily
conserved mechanism of diversity generation, to sustain the GC reaction while
generating PCs and memory B cells.
Asymmetric cell division was originally described in model organisms as a cell
biological process where parental components such as proteins are segregated toward
one side of the cell during mitosis so that the resulting daughter cells inherit unequal
amounts of these proteins(Betschinger and Knoblich, 2004). The distinct daughter cells
generated by asymmetric cell division then go on to differentiate and function differently
from one another. Asymmetric cell division has been implicated in the development of
various tissues, embryogenesis, and even in the cytotoxic arm of the mammalian T cell
response(Barnett et al., 2012; Doe and Bowerman, 2001; Oliaro et al., 2010; Williams et
al., 2011; Lechler and Fuchs, 2005; Chang et al., 2007; Ciocca et al., 2012; Betschinger
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et al., 2006). Therefore we hypothesized that asymmetric cell division may be
conserved in B cell biology.
We found in Chapter 2 of this thesis that B cells divide asymmetrically in
response to activating signals from T cells. Asymmetric B cell division in the GC
reaction features the unequal inheritance of the master regulatory transcription factor
Bcl6 and the receptor for the cytokine IL-21 (IL-21R). This process requires cell-cell
interactions between T cells and B cells, as shown by in vitro and in vivo experiments,
which activate the polarity network, including aPKC. We went on to develop genetic
systems to test the requirement for aPKC in asymmetric B cell division, showing that,
indeed, aPKC proteins are required for B cells to divide asymmetrically. Based on these
results, we hypothesized that asymmetric B cell division is required for normal GC
reactions, including PC differentiation.
We observed impaired asymmetric B cell division in Icam1-/- and aPKC-/- mice,
respectively. Icam1-/- mice have defects in cell adhesion, which affect a variety of
processes, including cell polarity and asymmetric cell division(Koopman et al., 1994;
Dang et al., 1990; Scholer et al., 2008). aPKC-/- mice lack central regulators of cell
polarity, and therefore represent a more specific disruption to asymmetric cell
division(Betschinger et al., 2003). We observe in Chapter 3 that humoral immune
responses develop normally in aPKC-/- mice. By contrast, while GC reactions are
formed in Icam1-/- mice, GC dependent PC formation is significantly impaired. From
these data we conclude that, while optimal cell adhesion is required for PC formation in
the GC reaction, asymmetric cell division is not required for normal GC B cell biology.
These results raise a number of questions and future directions of study.
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4.2 Possible roles for asymmetric cell division in the germinal center reaction
Our results and a recently published study indicate that, in spite of the
importance of Bcl6 and the IL-21R in mediating GC B cell differentiation and function,
the unequal inheritance of these molecules through asymmetric cell division is not
required for GC B cells to generate PCs in polarity protein deficient mice(Hawkins et al.,
2013). However, there are several aspects of the humoral immune response that have
not been examined in detail in polarity protein deficient mice. The first is the effect on
somatic hypermutation and selective processes. While we have shown the generation
of high affinity NP-specific antibodies to be unaffected in aPKC deficient mice (Chapter
3), it is unclear if the number of mutations introduced in the DZ is similar to WT GC B
cells. Differences in the numbers and/or types of mutations observed in GC B cell
derived populations would point to differences in somatic hypermutation, selection, or
both. These results would be informative, as they would suggest the potential presence
of self-reactive PCs and memory B cells generated through aberrant affinity maturation
processes. These results would suggest an important role for cell polarity in preventing
the generation of aberrant immune responses, and may present potential targets for
preventing pathogenic autoimmune reactions.
A second untested role for asymmetric cell division is in the generation of
functional memory B cells. We have shown (Chapter 3) that the number of NP-specific
memory B cells is unchanged in polarity protein deficient mice, yet there are a number of
aspects of memory B cells that we have not examined. It may be that, in the absence of
asymmetric B cell division, memory B cells form in normal numbers, but fail to inherit the
appropriate molecules required to function properly. The cardinal properties of memory
B cells include self-renewal through homeostatic proliferation and the ability to initiate
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secondary immune responses through direct plasma cell generation and secondary GC
initiation(Tarlinton, 2006; Shlomchik and Weisel, 2012a). The balance between
quiescence and self-renewal is carefully regulated by both extrinsic and intrinsic factors
in stem-like cells such as memory T and memory B cells. Therefore it may be that,
either by altering the sensitivity of newly formed memory B cells to extrinsic stimuli or by
imparting aberrant levels of transcription factors, the ability of polarity protein deficient
memory B cells to retain proliferative potential is impaired. This may be tested by
transferring memory B cells from knockout and WT backgrounds into lymphopenic mice
and assessing the ability of these cells to undergo homeostatic proliferation.
In addition to self-renewal, memory B cells possess the capacity to become
reactivated in case of re-infection and initiate secondary GC reactions along with direct
PC generation. This ability of adaptive immune responses to respond more rapidly and
potently during a secondary infection, thus preventing the host from disease, sets them
apart from innate immunity. Therefore it will be important to test the ability of polarity
protein deficient memory B cells to reinitiate humoral immune responses on a per cell
basis using cell transfer systems.
It may be that PCs and memory B cells from polarity protein deficient mice are
not observably different from WT cells. This result would suggest one of two
possibilities. The first is that these proteins play no role in the development of humoral
immunity. The second is that there are compensatory mechanisms at play that mask
any deficiencies in polarity protein knockout mice. Exploring these possibilities will be an
interesting avenue of research in the future.
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4.3 Uncovering competitive defects and compensatory mechanisms in aPKC
deficiency
We and others have shown that GC B cells, PCs, and memory B cells form in
normal numbers in polarity protein deficient mice after protein immunization(Hawkins et
al., 2013) (Chapter 3). One potential explanation for these findings is that, while
expressed in B cells, the polarity network does not play a role in the differentiation or
function of activated B cells. Alternatively, extrinsic factors that regulate B cell
differentiation such as cytokines and co-stimulatory molecules may compensate for an
effect of the inability to divide asymmetrically. Such effects might be revealed in a
competitive setting. Because the blood system is mobile by nature, multiple cells within
a population may compete for growth factors, signaling molecules, and critical cell-cell
interactions. In such settings, while cells with certain genetic deficiencies appear normal
in isolation, abnormalities are revealed when mutant cells must compete with WT cells
for a single niche. Competition of this nature has been observed with hematopoietic
stem cells and developing T cells(Awong et al., 2009; van Laethem et al., 2007). In the
absence of asymmetric cell division, signals that have been described to drive PC
differentiation may overcome the presence of Bcl6, leading to normal numbers of PCs in
spite of Bcl6 activity in both cells. However, when polarity protein deficient GC B cells
must compete for PC differentiation signals with WT GC B cells, the abnormally high
levels of Bcl6 may result in a competitive disadvantage. Traditionally, two major
experimental systems are used to identify deficiencies in a competitive setting. The first,
adoptive cell transfers, could be used to put aPKC deficient B cells in direct competition
with WT B cells. However, while adoptive cell transfers provide several experimental
advantages, including speed and manipulability, competition is often tested using mixed
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bone marrow chimeras. These experiments are done by reconstituting irradiated
recipient mice with a mixture of WT and mutant bone marrow. This allows mutant and
WT B cells to develop side by side, and after activation, to compete for limited signals.
Together, adoptive cell transfers and mixed bone marrow chimeras may be used to
uncover competitive defects in polarity protein deficient GC B cells.

4.4 Identification of target genes involved in asymmetric division
Asymmetric cell division has historically been studied by examining mitotic cells
by microscopy after staining for target molecules. These molecules are chosen based
on their described role in a given biological context that makes them attractive
candidates for study. Examples of this include molecules involved in T cell activation
such as CD3 and the IFNγR, as well as the key transcriptional regulator of T cell
function, T-bet(Chang et al., 2007; 2011). These molecules were examined, and indeed
found to be asymmetrically segregated during mitosis, based on their function in driving
differentiation and, in the case of CD3 and IFNγR, their polarization before mitosis during
T cell activation(Cemerski and Shaw, 2006; Azar et al., 2010). Similar findings have
been made in D. melanogaster, where the transcription factors Brat and Miranda, which
play instructive roles in tissue development, were found to be asymmetrically segregated
during mitosis(Betschinger et al., 2006; 2003). While this strategy has proven to be
useful in identifying proteins involved in asymmetric cell division, it is entirely reliant on
educated guesswork by the investigator. Therefore, a huge step forward might be taken
in the field if an unbiased approach to target identification were developed.
The key step in running an unbiased screen to identify proteins that are
unequally inherited is the development of a tool that allows the two daughter cells arising
from an asymmetric cell division to be isolated from one another. This could be
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accomplished using aPKC, as it and its isoforms have been shown to be polarized in
every instance of asymmetric cell division described to date, from C. elegans to D.
melanogaster, to mammalian tissues(Betschinger et al., 2003; St Johnston and Ahringer,
2010; Betschinger and Knoblich, 2004). By creating a fusion protein of aPKC and green
fluorescent protein (GFP), the cell inheriting an abundance of aPKC could be identified
by higher levels of GFP fluorescence. There are a number of experimental tricks that
would be employed to facilitate this purification process. First, aPKC-GFP must be
introduced by a targeted gene knockin approach, as super-physiological levels of aPKC,
as seen with retroviral over-expression or transgenesis, are toxic to the cells
(unpublished data). Second, in order to identify cells that had recently undergone
division, a cellular proliferation dye such as CellTrace violet, would be used. In this way,
cells having diluted the CellTrace 2-fold could be separated based on aPKC-GFP levels,
and purified by FACS. A similar approach was taken to purify CD8+ T cells after the first
division to study their function(Chang et al., 2007).
Once pure populations of aPKChi and aPKClo cells are obtained, proteomic
analysis by mass spectrometry may be performed to see what proteins are unequally
inherited between the two daughter cells arising from an asymmetric division. Proteins
that had already been defined to be asymmetrically or symmetrically segregated would
be used as internal controls to verify the quantitative accuracy of the proteomic analysis,
and proteins shown to be unequally inherited could be verified as asymmetrically
segregated using traditional microscopic approaches. Because of the conserved role of
aPKC in regulating asymmetric cell division, this approach could be used to study
asymmetric cell division in T cells, B cells, other immune lineages, and stem cell
populations.
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4.5 Targeting cell adhesion to manipulate humoral immunity
Our data and other published reports indicate, through studying Icam1-/- mice,
that cell adhesion, especially cell-cell interactions, is critically important for developing
humoral immune responses(Qi et al., 2008; Crotty et al., 2003) (Chapter 3). However,
the mechanisms behind this requirement are not clear. It may be that signaling through
cell adhesion molecules such as ICAM-1 and VCAM help activate genes that contribute
to B cell differentiation. Alternatively, or in addition, it may be that the activity of ICAM-1
and VCAM serve to facilitate signaling through other cell surface receptors that are
required for B cell differentiation. It will be important to understand the mechanism by
which these molecules exert their function if they are to be manipulated to control
immune responses in the future.
In addition to understanding the mechanism by which ICAM-1 functions to
facilitate humoral immunity, it will be important to clarify the extent to which humoral
immune responses are impacted in Icam1-/- mice. We have shown that GC derived PCs
are significantly reduced in Icam1-/- mice, while the numbers of memory B cells and
extrafollicular plasma cells are unchanged (Chapter 3). However, we have not tested
the self-renewal or differentiation of Icam1-/- memory B cells. In addition, the longevity
and protective capacity of Icam1-/- extrafollicular plasma cells have yet to be tested.
Once the full effect of ICAM-1 deficiency is understood, the potential benefits of
disrupting ICAM-1 will become clear.
Based on the reduction in the number of plasma cells in Icam1-/- mice, disruption
of ICAM-1-LFA-1 interactions may function to alleviate antibody mediated autoimmune
responses. There are several models of autoimmunity that mimic systemic lupus
erythematosus (SLE), such as the lpr/lpr model of Fas deficiency(Peng et al., 2002;
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Linterman et al., 2009). Based on our results using NP-Ova/alum immunization, we
would predict that SLE would be alleviated in the context of ICAM-1 deficiency as the
anti-DNA antibodies characteristic of this disease would be significantly reduced.
Experiments such as these could have important implications for advancing the
treatment of GC dependent autoimmunity.
4.6 Examining the role of asymmetric cell division in mammalian development
Asymmetric cell division has been described in T cells, B cells, and epidermal
stem cells of the skin and the intestine(Chang et al., 2007; Barnett et al., 2012; Lechler
and Fuchs, 2005; Thaunat et al., 2012; Florian and Geiger, 2010). In addition, it has
been hypothesized that stem cells of other lineages, memory T and B cells, and even
cancer cells may divide asymmetrically to influence their differentiation and function.
The identification of asymmetrically segregated molecules in these distinct biological
setting, either through traditional methods or through proteomic methods as described
earlier, will be important to understanding if and how asymmetric cell division may
function. However, an unbiased approach to testing the importance of asymmetric cell
division will be required to confirm the functional role of asymmetry in any given
biological context. Polarity protein deficient mice, including aPKC-/- and Scribble-/-, may
be used to test the requirement for the polarity network in a variety of contexts. These
experiments will allow for the importance of cell polarity to be determined as the first step
in a study. From there, the aspects of polarity that contribute to a given phenotype, be
they cell migration, apical-basal polarity, or asymmetric cell division, may be determined.

4.7 Summary
In this thesis we have shown that, while B cells divide asymmetrically in the GC
reaction, the impact of this phenomenon is not clear. Cell-cell interactions drive
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asymmetric cell division, and are critically important for humoral immune responses to
proceed, but these two observations may not be causally linked. Going forward, the
genetic tools we have developed should be used to determine the importance of cell
polarity and asymmetric cell division in multiple biological contexts. This will be a critical
step in studying asymmetric cell division, as the functional importance of this
phenomenon must be established before significant research is done into its mechanism
of function.
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